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Notes to the reader
The following thesis is divided in three main parts. First, I will introduce the reader shortly
into the basic knowledge in the field of regulatory RNA motifs, so-called riboswitches, and
amino acid degradation in bacteria and especially Escherichia coli. The introduction is
followed by the presentation of the main work during my doctoral research time in two
separate chapters. Two assays that were modified and established to characterize and
discover riboswitch ligand interactions are presented in the second chapter. In the third
chapter a novel lysine degradation pathway in bacteria is introduced. Methods and
Material can be found at the end of the thesis for the interested reader.
The experiments were conducted in the laboratory of Prof. Dr. Jörg S. Hartig (Department
of Chemistry, University of Konstanz) from April 2014 until September 2018.
The data on examining c-di-GMP riboswitch variants for altered specificity against other
c-di-nucleotides are published in “Synthesis of All Possible Canonical (3′−5′-Linked) Cyclic
Dinucleotides and Evaluation of Riboswitch Interactions and Immune-Stimulatory Effects”
(Wang et al., JACS 2017)1. The discovery of the novel lysine degradation pathway was just
accepted in “Wide-spread bacterial lysine degradation proceeding via glutarate and L-2hydroxyglutarate” (Knorr & Sinn et al., Nature Communications). Consent was given to reuse graphs, figures and texts.
Other publications during the time of doctoral research:
•

”Abolishing HIV-1 infectivity using a polypurine tract-specific G-quadruplexforming oligonucleotide” (Voges et al., BMC Infectious Diseases 2017)2

•

“TPP riboswitch characterization in Alishewanella tabrizica and Alishewanella
aestuarii and comparison with other TPP riboswitches” (Mehdizadeh Aghdam et
al., Microbiological Research 2017)3

Other publications:
•

“Intrastrand triplex DNA repeats in bacteria: a source of genomic instability”
(Holder et al., NAR 2015)4

•

“Interactions between Flavins and Quadruplex Nucleic Acids” (Merkle, Sinn and
Hartig, ChemBioCem 2015)5
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Zusammenfassung

Die Auswirkungen von Informationen sind stark von ihrer Verarbeitung abhängig. Dies gilt
auch für biologische Systeme. Die Verarbeitung genetischer Informationen wird in Zellen
von

der

DNA-kodierten

Promotorstärke

über

die

RNA-Stabilität

bis

hin

zu

Proteinmodifikationen auf vielfältige Art und Weise reguliert. In jeder Phase gibt es
verschiedene Möglichkeiten, die Informationsverarbeitung zu beeinflussen. In dieser
Arbeit wurden zwei Arten der Regulierung des Informationsflusses untersucht.
Zunächst

werde

ich

die

Etablierung

zweier

Methoden

vorstellen,

um

die

unvoreingenommene Entdeckung von neuen Riboswitchliganden zu ermöglichen.
Riboswitches sind RNA-kodierte cis-regulierende Elemente. Nach der Bindung eines
Liganden durchlaufen sie eine strukturelle Änderung und beinflussen damit die
Expression des benachbarten Gens. Es wurden zwei unabhängige Methoden verwendet.
Beim so genannten in-line probing wurde ein Verfahren zur Charakterisierung von
Riboswitches optimiert, um zuverlässig und reproduzierbar zu arbeiten. Es werden die
Ergebnisse für die Bindung von GEMM-I-Riboswitch-Varianten gegen alle zehn
kanonischen

c-di-Nukleotide

vorgestellt.

Diese

Technik

ist

wertvoll

für

die

Charakterisierung von Riboswitches, erwies sich jedoch als nicht vielversprechend für das
Screening neuer Riboswitch-Liganden, da es zeitaufwendig und arbeitsintensiv ist. Daher
wurde ein gekoppelter Transkriptions-Translations-Assay entwickelt, der ein schnelles
und einfaches Screening selbst komplexer Mischungen von kleinen Molekülen ermöglicht.
Ein großer Vorteil dieses Systems ist die kinetische Kopplung von Transkription und
Translation, wie sie in Prokaryoten stattfindet und oft die Riboswitch-Performance
beeinflusst.
Zweitens wurde CsiR, der Repressor des csiD-Operons, zusammen mit den Genen des
kontrollierten Operons charakterisiert. Dies führte zur Entdeckung eines neuartigen, weit
verbreiteten Lysinabbauwegs in Bakterien, dem ersten überhaupt, der in E. coli
beschrieben wurde. Der Abbau erfolgt über Cadaverin, 5-Aminovalerat, Glutarat und
ergibt schließlich Succinat. Der Abbauweg ist an den zentralen Kohlenstoff- und
Energiestoffwechsel gekoppelt.
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Abstract

The impact of information is strongly dependent on its processing. This holds true for
biological systems. The processing of genetic information is regulated in multiple ways.
From DNA encoded promoter strength over RNA stability to protein modifications cells
modulate the impact of the genetic information according to their physiological state,
cellular environment and in response to stress. At every stage there are various
possibilities to interfere with information processing. Herein, two ways of regulation of
the information flow were studied.
First, I will present the establishment of methods to allow the unbiased discovery of novel
riboswitches. Riboswitches are RNA encoded cis-regulatory elements. Upon the binding of
a ligand, they undergo structural rearrangement and therefore alter the expression of the
adjacent gene. Two independent methods were used. In-line probing, a method often used
to characterize riboswitches was optimized to work in a reliable and reproducible way.
Results are presented for the characterization of GEMM-I riboswitch variants against all
ten canonical c-di-nucleotides. This technique is valuable for the characterization of
riboswitches. However, it turned out to be not promising for the screening of novel
riboswitch ligands, because it is time-consuming and laborious. Therefore, a coupled
transcription-translation assay was developed allowing fast and easy screening of even
complex mixtures of small molecules. A huge advantage of this system is the kinetic
coupling of transcription and translation as it takes place in prokaryotes and often
influences riboswitch performance.
Second, CsiR, the repressor of the csiD operon, was characterized together with the genes
of the controlled operon. We could show that CsiR itself is allosterically regulated by
glutarate. This lead to the discovery of a novel widespread lysine degradation pathway in
bacteria being the first described in E. coli. The degradation proceeds via cadaverine, 5aminovalerate, glutarate and ultimately yields succinate. The pathway is coupled to the
central carbon and energy metabolism.
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Chapter 1

Introduction

Bacterial gene expression
Transcription and Translation
Transcription and translation are the fundamental steps in transferring the genetic
information stored in the DNA into functional proteins. In brief, the linear nucleotide
sequence of DNA is transcribed into single-stranded RNA that is ultimately translated into
a linear amino acid sequence. The principles will be explained very briefly and points
important for gene regulation and the subject of this thesis are stressed.
Transcription in bacteria involves several steps. The RNA polymerase core enzyme can,
in principle, start transcription at any position on the DNA. If a sigma factor joins the core
enzyme, giving raise to the holoenzyme, the affinity to specific sequences increases
dramatically. Thus, transcription is selectively initiated at the so-called promoter sites. In
bacteria, already the promoter determines the time-point and extent of transcription; e.g.,
the closer a promoter matches the consensus sequence the more frequent transcription
will be initiated. After binding to the DNA, the RNA polymerase needs to escape from the
promoter. Sometimes this procedure takes several attempts while producing abortive
RNA smaller than 10 nucleotides. After the initiation, transcription is turned into
elongation mode. Now, RNA is synthesized continuously at a rate of 20-80 nt*s-1 in
bacteria6. In comparison, phage RNA polymerase synthesizes RNA at a rate of ~200 nt*s-1.
The newly synthesized RNA extrudes from the RNA polymerase through the exit tunnel.
During elongation, the transcription bubble always comprises an 8 or 9 nucleotide long
RNA-DNA hybrid depending on whether the incoming nucleotide has already been joined
to the growing RNA chain7. Pausing sites force the RNA polymerase to slow down or rest
for a while. In E. coli ~20,000 pause sites were identified that are especially enriched in
close vicinity to the translation start site8. They are involved in folding of RNA structure6,
the recruitment of additional transcription factors, synchronization of transcription and
translation9 as well as termination10. The RNA polymerase continues transcription until it
3

approaches a termination site. Termination sites can be either intrinsic or Rho-dependent.
In the latter case the protein factor Rho is required for termination. Rho forms a homohexamer that binds to the transcript at so-called rut (rho utilization) sites upstream of the
actual termination site. The rut sites are poorly characterized. Upon binding Rho moves in
3’ direction along the RNA by its ATPase activity until it reaches the RNA polymerase. By
approaching the RNA polymerase, it promotes dissociation from the transcription
elongation complex (TEC). Intrinsic terminators, on the other hand, consist of palindromic
repeat followed by at least six consecutive adenosines on the template DNA strand. Once
transcribed, the palindromic region of the RNA forms a hairpin followed by a polyU track.
The hairpin causes the RNA polymerase to halt transcription at the polyU track. As the A-U
hybrid is the weakest of all DNA-RNA interactions, the TEC rapidly disassembles into RNA
polymerase, RNA and DNA10.
Translation is the process transferring the information from the linear nucleotide
sequence of RNA to a polypeptide sequence forming a protein. The detailed mechanisms
shall not be discussed herein. However, there are unique features of translation in
prokaryotes that will be briefly introduced. The 30 S small subunit of the ribosome binds
to the mRNA at the ribosome binding site (RBS), also called Shine-Dalgarno (SD) sequence
in bacteria. The purine rich consensus sequence 5’-AGGAGG-3’ of the RBS is
complementary to the 16 S rRNA of the small subunit of the ribosome. After association of
the initiator tRNA charged with N-formyl methionine and initiator factors IF1, IF2 and IF3
to the small subunit, the functional 70 S ribosome is formed by binding of the 50 S large
subunit to the small subunit. The RBS normally resides 3-9 nt upstream of the start codon.
As bacteria produce polycistronic mRNA some genes do not possess their own RBS. In
those cases, the start codon of the downstream gene is part of the last codons of the
preceding gene as for the sequence 5’-AUGA-3’. If translation is coupled, the first gene
needs to be translated if the second gene shall be expressed. The coupling allows the
control of multiple genes of a polycistronic mRNA by translational control of the first gene
of the transcript e.g. by sequestering the RBS. In eukaryotes, the nucleus acts as a physical
barrier that spatially and temporally separates transcription and translation. Thus, in
bacteria, lacking a nucleus, those two basic principles of gene expression occur
simultaneously. Early evidence showed that the speed of transcription and translation are
closely related. The convenient assumption is that the ribosome can translate the
emerging mRNA only at a rate matching the rate of transcription. However, also the
opposite dependency was demonstrated. High occupancy and progression by ribosomes
along the mRNA increases the speed of transcription, whereas the RNA polymerase slows
down in case of slow translation or even stalling of the ribosome9. The proposed
4

mechanism is that the ribosome hinders the RNA polymerase from backtracking at the
DNA, temporally pausing transcription. Binding of a ribosome upstream the RNA
polymerase even allowed the read-through of a roadblock, e.g. a DNA binding protein. At
the same time, it could be shown that the ribosome and the RNA polymerase are even
physically connected by the interaction of NusE, a ribosomal protein, and NusG, a
transcription factor11.
An illustrative example for the regulatory potential offered by the coupling of the two
fundamental principles of gene expression in bacteria is the tryptophan operon described
later. The tight coupling of transcription and translation also influences the performance
of riboswitches, as e.g. they are often kinetically controlled.

Gene regulation
The time-, growth stage-, and environment-dependent expression of genes is an important
task for all cells. Bacteria exploit all stages of gene expression for gene regulation and have
evolved multiple strategies to interfere with gene expression. In case of transcription
initiation, different sigma factors give bacteria a first level of control by directing the RNA
polymerase to the target promoters. Thus, only if the specific sigma factor is present,
transcription can be initiated from the target promoter. Sigma factors are only expressed
in distinct growth stages (e.g. σS in stationary phase and starvation) or under certain
stresses (e.g. σH under heat stress). Secondly, transcription initiation can be additionally
influenced by other proteins. This very first example of how bacteria control gene
expression was established by Jacob and Monod12. In the 1960s, they revealed the
underlying mechanisms of the differential expression of the lac operon. In this classical
case gene regulation is mediated by proteins generally called transcription factors. They
can be divided into activators and repressors, enhancing or repressing gene expression,
respectively. In case of the lac operon, LacI is a ligand-dependent (allosteric) repressor
and cAMP-CRP acts as an activator. Transcription factors were found to be responsible for
differential gene expression of many genes.
During transcription elongation, expression can be regulated independent from additional
protein factors. One famous example is the regulation of the trp operon comprising
tryptophan synthesis genes13. In this case, bacteria exploit the interplay of transcription
and translation in a virtuous manner. A leader peptide, rich in tryptophan codons,
precedes the operon. After transcription, translation of the leader sequence is initiated.
Thus, the ribosome follows the RNA polymerase. If tryptophan levels are high, the
ribosome proceeds fast along the mRNA thereby preventing the formation of an anti5

terminator stem. Thus, transcription is terminated at the terminator. In contrast, at low
levels of tryptophan, the ribosome stalls as no tRNA loaded with tryptophan for
translation is provided. Hence, the complementary sequence of the anti-terminator is
liberated, whose opposite strand is formed by a part of the terminator hairpin. The
formation of the anti-terminator leads to the disruption of the terminator, allowing
transcription of the complete trp operon.
At the level of translation initiation, gene expression is tuned by the usage of differently
conserved consensus sequences of the RBS. The closer the RBS is to the consensus
sequence, the higher is the initiation rate of translation. Bacteria additionally use proteins
which are able to bind in close proximity to the RBS on the mRNA to interfere with
translation initiation. E.g. ribosomal proteins are able to bind to their own mRNA and thus
shut down their own synthesis. The 5’ UTR of those mRNAs can form structures that
resemble those of the rRNA interacting with the ribosomal proteins. This concept can be
exploited by other RNA binding proteins. Growing evidence shows that also metabolic
enzymes might regulate gene expression in this way14.
RNA is also able to regulate gene expression without involvement of protein factors e.g. by
reiterative transcription15. Reiterative transcription can occur at any point of transcription
if a run of at least three consecutive nucleotides of the same kind in the RNA are
synthesized. During reiterative transcription the RNA-DNA hybrid is disrupted and the
RNA polymerase slips back into position -1. If the transcript is not immediately released,
the last nucleotide is added again. This process can occur repeatedly resulting in an
incorporation of a long homopolymeric stretch of RNA. Several studies reported that
reiterative transcription can influence gene expression. E.g. pyrG, coding for CTP
synthetase, the enzyme that catalyzes the amination of UTP to form CTP, is transcribed in
a CTP-dependent manner16. If CTP levels are high the transcript is the exact reverse copy
of the DNA and transcription stops at an intrinsic terminator. However, if CTP levels are
low reiterative transcription of consecutive Gs takes place at the very start of the
transcription. This non-coding G stretch pairs to a pyrimidine rich sequence downstream
and forms an anti-terminator stem. Thus, if CTP levels are low, due to the reiterative
transcription of the G stretch, the whole ORF is transcribed and the expression of pyrG is
upregulated.
A very simple and wide-spread mechanism of gene regulation by RNA is the binding of
complementary RNA to the target mRNA in bacteria called sRNA17. sRNAs can be encoded
on the opposite DNA strand of the target transcript (cis encoded) or at any other position
6

on the genome (trans encoded). Both types of sRNAs function in trans. That means, they
are transcribed as a lone-standing RNA and act on mRNA molecules with which they share
complementarity. Cis encoded sRNA often shares a higher degree of complementarity to
their target then trans encoded sRNA. Binding of sRNA to their targets results in
transcription termination, translation inhibition, mRNA cleavage or mRNA degradation.
Regulatory RNA elements that function in cis, form secondary and tertiary structures that
sense temperature18 and ligands19. The latter are generally called riboswitches and are
subject of the following chapter. They share their ability to alter gene expression as result
of a physical (RNA thermometer) or chemical (riboswitches) trigger by forming
alternative RNA structures.

Riboswitches
A brief history of riboswitches
In the 1990s, interest arose in operons which were negatively regulated by the products of
their encoded proteins. In the following, allosteric repressors regulating the operons could
not be identified20, 21. Finally, the mystery was solved at the turn of the millennium when
cis-regulatory RNA elements, so-called riboswitches, had been discovered independently
by the Breaker and Nudler group22-25. Riboswitches adopt complex structures that are able
to bind ligands. Upon binding of the ligand the riboswitch undergoes structural
rearrangement. The first described riboswitches control gene expression by negative
feedback regulation as it was observed before. The final products of the respective
pathway are sensed by a riboswitch, resulting in reduced gene expression of the structural
genes. In the following years, additional riboswitch classes were discovered which control
crucial biosynthesis routes. Among these are the purine26, glucosamine-6-phosphate27 and
the lysine28 riboswitch. Ligands can interact with riboswitches by hydrogen bonds, π-π
stacking, electrostatic, and hydrophobic interactions to mediate specific binding.
Therefore, it was a huge surprise, when the first metal ion (Mg2+) was found to bind
specifically to riboswitches29,

30.

The cation is small in comparison to multi-atom

riboswitch ligands that were identified until then and comprises less interaction modes.
However, the magnesium riboswitch discriminates against other divalent cations like Zn2+,
which are known to inhibit Mg2+ transporters31. In the following, riboswitches for
Ni2+/Co2+ and Mn2+ were introduced32,

33.

Those riboswitches control homeostasis of

divalent cations and mediate resistance to metal toxicity32. In 2008, a riboswitch was
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found to bind c-di-GMP. Thus, for the first time, riboswitches were shown to control
lifestyle changes in bacteria like motility, virulence, and biofilm formation and to be able to
bind second messenger34. The discovery of the c-di-GMP I riboswitches was followed by
the characterization of three other riboswitch families binding the nucleotide derived
signaling molecules c-di-AMP35, c-AMP-GMP36,

37,

ZTP38 and a second class of c-di-GMP

riboswitches39. Completing the puzzle, the fluoride riboswitch was introduced40. The anion
is specifically recognized by a binding pocket formed by Mg2+ neutralizing repulsion forces
of the negative charged phosphate backbone and discriminating against other halide
anions41. Riboswitches are now known to detect a wide range of ligands from ions over
signaling molecules to large coenzymes like adenosylcobalamin. With the discovery of the
guanidine binding riboswitches they are even known to respond to molecules, whose role
in biological systems was not known so far42-44.

Riboswitch structure and mechanism
Riboswitches comprise an aptamer domain and an expression platform. The aptamer
domain is able to bind a specific ligand. Binding of the ligand causes a structural
rearrangement not only of the aptamer domain but also of the downstream expression
platform. The change of the expression platform leads to an altered gene expression of the
downstream gene(s). Riboswitches act in cis and are located in the 5’ UTR of the mRNA.
How ligand recognition, structure formation and signal transduction occur is briefly
summarized in the following.
The aptamer domain binds ligands by electrostatic, hydrophobic, π-π and π-cation
interactions as well as hydrogen bonds. The binding of the ligand can be mediated by
magnesium or potassium cations for negatively charged ligands, e.g. the binding of
fluoride or phosphate groups. Furthermore, cations are compacting the RNA structure.
Thus, they are shifting the ligand recognition from induced fit to conformational
selection45. Induced-fit mechanism has been also reported for the FMN riboswitch under
crowding conditions, resembling the cellular environment better than a dilute solution
using low molecular weight PEG (polyethylene glycol)46. However, it has been shown that
low molecular weight PEG disrupted RNA secondary and tertiary structure and high
molecular weight PEG restores the in-cell situation with more structured RNA47. Thus, the
mechanisms of ligand recognition by riboswitches in vivo are still under debate.
Interactions are not only fulfilled by the nucleobases, but also take place from the
negatively charged phosphate backbone.
8

The aptamer domain changes its conformation upon binding of the ligand and alters
thereby the conformation of the expression platform48 (Figure 1). Gene expression
regulation can take place co-transcriptionally or at the level of translation. The most
common mechanism is the formation of an intrinsic terminator stem. The terminator is
either formed in the presence or absence of the ligand, thus the riboswitch can either
function as a genetic OFF- or ON-switch. In some cases, transcription termination can be
Rho-dependent. The RNA polymerase halts at the termination site until Rho catches up
and releases the polymerase from the DNA template. The second most common
mechanism is the sequestering of the RBS (Shine-Dalgarno sequence in bacteria)49.

Figure 1 Riboswitch ligands and mechanisms of gene control in bacteria. The table shows all riboswitch
ligands known to date. Note that one ligand might be recognized by several classes of riboswitches. The central
schematic shows the general architecture of a riboswitch with an aptamer domain that binds the ligand and
the expression platform that transduces the signal into a change of gene expression. Upon binding of the
ligand, the riboswitch undergoes structural rearrangement. At the transcriptional level ligand binding can
result in formation of an intrinsic terminator, turning gene expression off (upper left), destabilization on an
intrinsic terminator by formation of an anti-terminator, turning gene expression on (middle left) and Rhodependent transcription termination, turning gene expression off (lower left). At the translational level upon
binding of the ligand the Shine-Dalgarno sequence (SD) can get sequestered (upper right) or liberated by the
formation of an anti-sequester stem loop (middle right), turning gene expression off or on, respectively. The
glmS riboswitch offers a unique mechanism of gene control. Glucoseamine-6-phosphate (GlcN6P) binds to the
aptamer and is directly involved in the self-cleavage reaction of the riboswitch (lower right). After cleavage the
mRNA gets degraded. The figure was adapted and updated from Serganov & Nudler48.
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The RBS can be part of the aptamer domain; in these cases the sequence of the aptamer
domain overlaps with the expression platform. Recent data suggest that translational
riboswitches not only control the translation frequency by regulating the access of the
RBS, but also control the mRNA levels by ribosome occupancy50. RNases degrade mRNA if
it is poorly covered by ribosomes. In case of the TPP riboswitch several examples are
found in bacteria, where the RBS is part of the terminator stem51. Thus, regulation can
occur both during transcription and when the full mRNA is already synthesized. This
arrangement offers exceptional control to ever changing metabolite concentrations in the
cell. The most interesting mechanisms of regulation can be found among the rare cases.
The glmS riboswitch for example acts as a ribozyme by binding the cognate ligand
glucoseamine-6-phophate (GlcN6P) and using it as a nucleophile for self-cleavage. After
self-cleavage the RNA gets degraded by RNAses and thus the RNA levels decrease. In rare
cases, riboswitches are present in eukaryotes (representatives of TPP riboswitches),
where they were shown to regulate splicing by sequestering or displaying of the 5’ SS as in
Neurospora crassa52.
The structural rearrangement caused by the ligand can be either kinetically or
thermodynamically controlled. The binding of the ligand can either occur simultaneously
or after transcription. During transcription the binding of the ligand competes with the
elongation. The RNA polymerase often slows down or halts at a critical point to allow the
aptamer domain to scan the environment for the ligand53. If the ligand is present it will
bind to the aptamer domain and induce restructuring of the RNA motif. The structure is
now trapped in an energetically favored conformation and is not able to switch back to the
unbound conformation. Vice versa, if the ligand is absent it cannot change the riboswitch
structure after the checkpoint. Thermodynamic riboswitches resemble what the name
suggests: In those cases, the ligand can bind at any time point and the competing
structures are in an equilibrium that is dependent on the ligand concentration, switching
the RNA back and forth.

Methods of riboswitch discovery and characterization
Probably the most important techniques for the discovery of novel riboswitches are of
bioinformatic nature. Powerful algorithms scan available genomes for sequence
homologies, covariation and conserved structures and paved the way to generate large
lists of candidate riboswitches54-58. These lists put every putative riboswitch in its genetic
context throughout the organisms it which it is predicted to occur. The genetic context
10

allows screening of the motifs against ligands which are selected based on educated
guesses. For example, the glmS motif was predicted by bioinformatics and found in
association with genes involved in the synthesis of GlcN6P54. In accordance the glmS motif
binds GlcN6P and acts as a ligand-dependent self-cleaving ribozyme27.
The most famous method in the field of riboswitch discovery is the so-called in-line
probing. In-line probing offers several advantages for the characterization of riboswitchligand interactions. It is not only suitable for the determination of the apparent KD values,
but at the same time delivers information about the RNA structure and direct interaction
sites of the RNA with the ligand. The in-line probing reaction relies on the intrinsic
capability of the 2’ oxygen of the RNA to attack the phosphate backbone59. The reaction
proceeds via a SN2 mechanism. The 2’ oxygen performs a nucleophilic attack on the
phosphate. In the transition state, a trigonal planar conformation is adopted with the 2’
oxygen and the 5’ oxygen of the adjacent nucleotide as leaving group on the opposite site
of the phosphorous center. This so-called in-line conformation is possible if the RNA is
flexible. Hence, cleavage of the RNA generally cannot occur in structured and therefore
rigid regions. However, sometimes nucleotides in structured RNA can be locked in a way
that the in-line conformation is favored and cleavage is enhanced. Secondary and tertiary
structures of riboswitches can be further investigated by SHAPE60 and X-ray
crystallography61. Three dimensional crystal structures of almost every riboswitch
discovered to date are available19. Those structures give insight into all the interactions in
the riboswitch. Not only the interactions with the ligand but also within the RNA molecule
itself and, thus, provide information about how ligand discrimination and regulation
occurs. Investigations about the influence of cations and conformational changes by the
binding of ligands were conducted by analytical ultracentrifugation, size exclusion
chromatography30 and small-angle X-ray scattering62, revealing both compaction of the
RNA in the presence of cations and ligand. Binding can not only be evaluated by the before
mentioned in-line probing but can also be assessed by isothermal titration calorimetry
(ITC) providing information about the enthalpy and entropy of the binding63. The kinetics
of riboswitch folding can be studied by time resolved NMR. This technique is capable of
giving insights into the structure transition of a riboswitch after its photo-caged ligand
was liberated64. Insights into riboswitch dynamics can be gained by in vitro transcription
studying the interplay between folding of the aptamer domain and expression platform.
Thereby, it could be demonstrated that riboswitches are kinetically controlled as
mentioned above65.
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Amino acid and lysine catabolism
Amino acid degradation in E. coli
E. coli is probably one of the best known and best studied organisms. However, when it
comes to amino acid degradation it is surprisingly poorly characterized. The complete
degradation pathways of only 12 of the 20 standard proteinogenic amino acids, neglecting
selenocysteine, are known to date66, 67. The carbon skeleton of the amino acids can be fed
into the central carbon metabolism of the cell at different stages of the TCA (Figure 2).

Figure 2 The links of the amino acid catabolism in E. coli into the TCA. Amino acids are degraded and
finally fed into the TCA at different stages (green boxes, dashed arrows). For eight of the twenty amino acids
no degradation pathways are known to date in E. coli (red box)66, 67.

Among the amino acids of unknown metabolism in E. coli are the branched amino acids
and the two amino acids harboring a benzyl moiety, tyrosine and phenylalanine. For the
latter, degradation likely occurs via 2-phenylethylamine and phenylacetate to succinylCoA68. Additionally, no complete catabolic pathway is described for histidine, methionine
and lysine. However, E. coli possesses two lysine decarboxylases, an inducible and a
constitutively expressed one. Both convert lysine to the polyamine cadaverine. The
inducible lysine decarboxylase CadA is expressed under acidic conditions and mediates
resistance against weak organic acids69. LdcC is constitutively expressed at low level70 and
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is upregulated in stationary phase71, 72. In 1977, Fothergill and Guest already proposed the
degradation of cadaverine derived from lysine to finally yield glutarate in Pseudomonas
aeruginosa73. How cadaverine is further degraded in E. coli is part of this thesis. In all
bacteria possessing a glyoxalate shunt, including E. coli, there is no point in distinguishing
between ketogenic or glucogenic amino acids. However, it is useful to describe whether
the amino acid is degraded by conjugation with coenzyme A (ketogenic) or not
(glucogenic). In this regard, all pathways in E. coli known to date are glucogenic, besides
the afore mentioned putative degradation of phenylalanine. Lysine is generally a ketogenic
amino acid. We provide evidence that in E. coli lysine degradation is glucogenic as well.
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Chapter 2

Developing screening strategies for
the discovery of riboswitch ligands

Introduction
Since the first description of riboswitches in 2001 by the Breaker and Nudler group,
around 40 different riboswitch classes that response to over 30 different ligands have
been discovered. After the discovery of the guanidine riboswitch classes I-III, the major
families of riboswitches are characterized. Novel riboswitches are more difficult to predict
by bioinformatics and hamper the assignment of their natural ligand, as they often
comprise few representatives and their genetic context is illusive. Thus, the classical
approach of screening ligands based on educated guesses taking in account genetic
context of all representatives is not suitable anymore. Therefore, there is a high demand
for unbiased screening methods covering thousands of small molecules against predicted
riboswitches. We established two assays for screening fractionated cell extracts against
riboswitches to identify their natural ligand.
First, the actually well established in-line probing was adapted to be more robust and
reliable. The adapted protocol was used to characterize GEMM-I riboswitch variants
against all ten canonical c-di-nucleotides. Second, a coupled transcription-translation
assay was developed. The assay is based on a S30 extract of E. coli containing all
components for transcription and translation, allowing cheap, fast and reliable screening
under conditions close to the in-vivo. The assay was tested for the FMN riboswitch using a
fractionated extract from E. coli.
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In-line probing
Optimization by using the lysine riboswitch
As afore mentioned, the in-line probing assay59, 74 is the most important and conducted
assay performed for the characterization of riboswitches. The reaction is based on the
intrinsic property of RNA to degrade by a nucleophilic attack of the 2’ oxygen to the
phosphate backbone under slightly alkaline conditions. To allow proper folding of the
RNA, potassium and magnesium cations are present in the reaction. Unfortunately, the
reaction turned out to be extremely sensitive to ion strength, high concentrations of small
molecules and purity of the RNA. To optimize the reaction and make the results more
reliable, the protocol was adjusted by changing the salt concentration, more stringent
purification and annealing of the RNA prior to in-line probing and addition of crowding
agents. High molecular weight polyethylenglycol (PEG) promotes folding of structured
RNA47. Hence, it was a promising candidate for the in-line probing. The influence of PEG
was examined by using the well characterized lysine riboswitch28. Addition of down to 1
g/L PEG 20,000 was sufficient to promote proper folding of the riboswitch (Figure 3). The
control reactions without PEG show a homogenous cleavage pattern throughout the whole
length of the riboswitch, indicating a low level of organization in contrast to the reactions
containing PEG. In the presence of PEG, the RNA is cleaved at distinct positions resulting in

Figure 3 High molecular weight PEG promotes lysine riboswitch structuring. a Schematic of the
secondary structure of the lysine riboswitch from B. subtilis. Nucleotides with reduced cleavage in the in-line
probing (b) in the presence of lysine are marked with red circles. b Radiograph of a representative in-line
probing of the lysine riboswitch from E. coli. The riboswitch was probed in the presence 100 µM lysine and
decreasing concentrations of PEG 20,000 (33 g/L  1 g/L; - : no PEG). Guanosine residues were annotated
from partial alkaline (OH-) and RNase T1 (T1) digestion. Decreased band intensities in the presence of lysine
are marked with red arrows.
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few well defined bands in the gel. Furthermore, binding of lysine (100 µM) to the
riboswitch could only be observed upon the addition of PEG. Reduced cleavage is observed
for the nucleotides 84, 85; 146-149 and 169-172 which is in accordance with the
literature28. As the highest concentration of PEG (33 g/L) negatively influences the in-line
probing reaction, in the following 1 g/L PEG was added in the in-line probing assay
without further changes to the original protocol by Regulski and Breaker74.
The addition of PEG was shown to support the performance of the in-line probing also in
case of the azaaromatics (yjdF) and guanidine-II (mini-ykkC) riboswitch. The azaaromatic
riboswitch was shown before to bind a broad spectrum of azaaromatic compounds75. We
tested if the riboswitch is responding to osmoprotectants and other compounds. As a
positive control the azaaromate proflavin was included. Binding of proflavine was only
detectable in the presence of PEG in accordance with the results obtained for the lysine
riboswitch (Figure 4). In contrast to the RNA used for in-line probing published by Li et al.
we use a sequence which also contains the Shine-Dalgarno (SD) region which is very likely
masked in the “OFF” conformation of the riboswitch. In the presence of proflavine we
observe reduced scission at nucleotide 79, together with enhanced cleavage at the
nucleotides 76-78 in contrast to Li et al. The nucleotides are involved in the P4 stem loop

Figure 4 Influence of high molecular weight PEG on the yjdF riboswitch a Schematic of the secondary
structure of the yjdF riboswitch from B. subtilis. Nucleotides with reduced cleavage in the in-line probing (b) in
the presence of proflavine are marked with red circles. b Radiograph of a representative in-line probing of the
lysine riboswitch from E. coli analyzed on a 8% denaturing PAGE. The riboswitch was probed in the presence
of 100 µM of the annotated compounds and 1 g/L PEG 20,000. Control reactions were performed with and
without proflavine in the absence of PEG (-: no compound). Guanosine residues were annotated from partial
alkaline (OH-) and RNase T1 (T1) digestion. Decreased and increased band intensities in the presence of
proflavine are marked with red or green arrows, respectively.
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that harbors the anti-SD sequence. The data supports that binding of the ligand results in
the liberation of the SD sequence and that the riboswitch acts on the translational levels by
SD sequestering. Alteration in the cleavage pattern was also observed for HDPC
(hexadecylpyridinium chloride). It turned out to be unspecific as 100 µM HDPC changed
cleavage pattern also for unrelated RNA motifs. Thus, it seems to interfere with the in-line
reaction itself. We studied the guanidine-II riboswitch (Gd RSw II) when the guanidine-I
riboswitch (ykkC) was published to respond to guanidine44. We were interested if
Gd RSw II as well binds guanidine. The binding affinity was assessed by in-line probing in
the presence of guanidine. Two sites were examined showing opposite effects in the
presence of guanidine. Independent analysis revealed an apparent KD of 23 µM and 26 µM,
suggesting that the Gd RSw II binds guanidine at a KD of approximately 25 µM.
Furthermore, a Hill co-efficient above 1.3 and 2 supports a cooperative binding event with
two guanidines binding one RNA molecule. Shortly after we conducted our experiments
Gd Rsw II was characterized by Sherlock et al. to bind two guanidines confirming the
results we obtained with the optimized in-line probing assay43.

Figure 5 The guanidine-II riboswitch. a Schematic of the secondary structure and sequence of the E. coli
guanidine II riboswitch (Gd RSw II). Sites of reduced and enhanced cleavage in the in-line reaction in the
presence of guanidine are marked with red or green dots, respectively. b Radiograph of the in-line probing of
the Gd RSw II from E. coli analyzed on a 15% denaturing PAGE. Guanosine residues were annotated from
partial alkaline (OH-) and RNase T1 (T1) digestion. c Binding analysis of guanidine to the Gd Rsw II. Band
intensities of nucleotide 38 (black squares) and nucleotide 18 (grey dots) were normalized to unmodulated
site 29 and plotted against the guanidine concentration. Quantified bands are marked in b. Binding curves
were fitted with a Hill function.
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C-di-nucleotides
In 2008, Sudarsan et al. reported a c-di-GMP responsive riboswitch (GEMM-I)34. C-di-GMP
is a widespread second messenger in bacteria controlling diverse features as biofilm
formation76, transition between sessility and motility77 and virulence78 and others79. The
initial set of potential c-di-GMP binding riboswitches comprised variants which were
subsequently found to be responsive for c-AMP-GMP controlling e.g. exoelectrogenesis36,
37.

This led to the speculation that other variants of the GEMM-I riboswitch might have a

changed ligand specificity36. Ligand specificity is mainly mediated by hydrogen bonds
formed by the 20th nucleotide and the respective ligand. C-di-GMP binding riboswitches
harbor a G at this position, whereas the c-AMP-GMP riboswitches harbor an A.
Furthermore, the c-AMP-GMP riboswitch harbors an extended stem I. We examined a
representative of every variation at the ligand contacting nucleotides G20 and/or C92 of
the consensus sequence of the GEMM-I riboswitch (Table 1 and Figure S 1) for altered
ligand specificity and tested them against the 10 possible canonical 3’-5’ c-di-nucleotide
combination (Figure S 2). Most recently, also the GEMM-II riboswitch class, an unrelated
c-di-GMP binding riboswitch class, was reexamined and divided in several subgroups
according to sequence variations. We decided to investigate the binding of the ten
canonical c-di-nucleotides (CDNs) to a representative of the most common GAG subgroup
from Deinococcus peraridilitoris57. The binding of the CDNs was assessed by two
independent assays, namely the before described in-line probing assay and a spinach
aptamer based fluorescent binding assay80. For the latter the riboswitches are fused with
their P1 stem directly to the spinach aptamer. Binding of the CDN transduces structural
rearrangement to the spinach aptamer which is now able to bind DFHBI resulting in an
increased fluorescence (Figure S 3a). First we examined the fusion construct of the
riboswitches with the spinach aptamer. Only three constructs showed increased
fluorescence either in the presence of c-di-GMP or c-AMP-GMP (Figure S 3b). Binding
could be observed for c-di-GMP to Ece1-1 (G20G, C92C) from Eubactrium cellulosolvens in
accordance with the consensus sequence reported for GEMM-I riboswitches. Furthermore
binding could be observed for c-AMP-GMP to Gm0292 (G20A, C92C) from Geobacter
metallireducens and Gs1945b (G20G, C92G) from Geobacter sulfurreducens. Gm0292
shares the consensus sequence of the GEMM-I variants binding c-AMP-GMP but was
previously found not to bind c-AMP-GMP. However, in contrast to Kellenberger et al. we
included the complete P1 stem including the P1 loop reported to be a crucial feature for cAMP-GMP binding37. Apparently, these changes stabilized the aptamer structure. To
confirm the results and to determine binding affinities, in-line probing was conducted. In a
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first screen binding of all ten CDNs to all riboswitches were examined at 10 µM
concentration. Binding of the same CDNs to the three already identified riboswitches by
the spinach fusion assay was confirmed. Gm0292 was found to bind c-AMP-GMP,
c-CMP-GMP, c-di-GMP and c-GMP-UMP (Figure S 3b). The binding specificity for these
four CDNs was assessed by determining the KDs (Figure 6a). Gm0292 is able to
discriminate c-AMP-GMP approximately 1000-fold against c-di-GMP, whereas it
discriminates against c-CMP-GMP and c-GMP-UMP only 100-fold. The preferential binding
of c-AMP-GMP is in accordance with the results of the spinach fusion assay. The findings
could be explained by Geobacter metallireducens utilizing both c-AMP-GMP and c-di-GMP
as second messengers. Therefore, the discrimination between these compounds is highly
advantageous, whereas strong discrimination between the mixed pyrimidine-GMP CDNs is
apparently not necessary. The recognition of the cognate ligand is mediated by hydrogen
bonding and base stacking interactions with the riboswitch. Gm0292 exhibits a canonical
P2 stem, which is directly involved in ligand binding. Due to this fact, Gm0292 is a
selective c-AMP-GMP riboswitch rather than a promiscuous one81. Although in the in-line
probing assay, c-CMP-GMP and c-GMP-UMP bind with nanomolar affinity to Gm0292, both
compounds did not show any effect in the spinach fusion assay. A possible reason for the
lack of functional effects could be a discrepancy between binding and triggering the
riboswitch which has been observed before, e.g. for the tetrahydrofolate riboswitch60. This
finding highlights the benefits of utilizing two independent methods for assaying
molecular interactions.
Table 1 GEMM-I riboswitches tested for CDN binding. NB (no binding detected): Neither enhanced
fluorescence in spinach aptamer assay nor modulated cleavage pattern in in-line probing detected. The
sequences of Gs1945b and Gm0292 are taken from Kellenberger et al.37 and the remaining sequences are from
Nelson et al.36; see Figure S 1 for details. Nucleotides in parentheses: additional nucleotides that are found in
the vicinity of position 92 compared to the canonical sequence.
G20
C92
abbreviation
species
variant
variant
binding specificityα
Ece-1-1

Eubacterium cellulosolvens

Env-13

C92(C)A

c-di-GMP

Clostridia Environmental Sample 13

C92(C)A

NB

Awo-1-1

Acetobacterium woodii

C92(U)A

NB

Nca-1-1

Neptuniibacter caesariensis

C92(C)U

NB

Gs1945b

Geobacter sulfurreducens

C92G

c-AMP-GMP

Gm0292

Geobacter metallireducens

C92C

c-AMP-GMP

Bce-8-1

Bacillus cereus

C92G

NB

Car-1-1

Clostridium arbusti

C92U

NB

Cbo-1-1

Clostridium bolteae

C92(C)A

NB

Toc-1-1

Thermosediminibacter oceani

Rso-1-1

Ralstonia solanacearum

Cbu-1-1

Clostridium butyricum

G20G

G20A

G20U

G20C

C92C

NB

C92U

NB

C92C

NB
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Figure 6 Determination of binding affinity by in-line probing assay. a Results for Gm0292: In-line probing
was conducted in the presence of c-AMP-GMP (AG, □), c-CMP-GMP (CG, ◇), c-di-GMP (GG, ○), and c-GMP-UMP
(GU, ▽). b Results for Ece-1-1: In-line probing was conducted in the presence of c-AMP-GMP (AG, □) and
c-di-GMP (GG, ○). c Results for a representative of a GEMM-II riboswitch (GAG group): In-line probing was
conducted in the presence of c-AMP-GMP (AG, □), c-di-GMP (GG, ○), and c-GMP-UMP (GU, ▽). In-line probing,
secondary structure of the probed motifs and a plot of the modulated band (▲) intensity normalized to
intensity of an unchanged band (★) against ligand concentration are displayed. In-line probing was conducted
in the absence (−) or presence of 10 μM, 1 μM, 100 nM, 10 nM, and 1 nM CDN, respectively. Precursor RNA
(Pre), alkaline (OH−), and RNase T1 digestion (T1) of the respective RNA are shown as controls. Several G
residues of the RNase T1 reaction are indicated. Positions G20 and C92 used to select riboswitch variants are
marked in the structure together with the cleavage sites used for the determination of the apparent KD.

The riboswitch Ece-1-1 also binds both c-AMP-GMP and c-di-GMP at 10 µM in the in-line
probing assay (Figure S 4b). Further concentration-dependent investigation of the
Eubacterium cellulosolvens GEMM-I riboswitch is able to discriminate between c-di-GMP
and c-AMP-GMP 30-fold (Figure 6b). However, the affinity for c-di-GMP is rather low
(∼30 nM) compared to already described GEMM-I riboswitches (1 nM)34. Eubacteria are
also known to have evolved c-di-AMP responsive riboswitches35. Hence, it could be
speculated that a strong discrimination between c-di-GMP and c-di-AMP evolved, but since
c-AMP-GMP is not utilized by these bacteria, no specific discrimination is necessary. We
also chose to investigate a member of the most common GEMM-II GAG subgroup57.
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Figure 7 Determination of binding affinity by in-line probing assay in the presence of Na+ instead of K+
in the in-line reaction. a Results for Gm0292: In-line probing was conducted in the presence of c-AMP-GMP
(AG, □), c-CMP-GMP (CG, ◇), c-di-GMP (GG, ○) and c-GMP-UMP (GU, ▽). b Results for Ece-1-1: In-line probing
was conducted in the presence of c-AMP-GMP (AG, □) and c-di-GMP (GG, ○). In-line probing, structure and plot
of modulated band intensity against ligand concentrations are displayed. In-line probing was conducted in the
absence (–) or presence of 10 µM, 1 µM, 100 nM, 10 nM and 1 nM CDN, respectively. Precursor RNA (Pre),
alkaline (OH-) and RNase T1 digestion (T1) of the respective RNA are shown as controls. Several G residues of
the RNase T1 reaction are indicated. Triangles (▲) designate cleavage sites modulated upon changing ligand
concentration. Stars (★) designate a constant cleavage site used for normalization. Positions G20 and C92
used to select riboswitch variants are marked in the structure together with the cleavage sites used for the
determination of the apparent KD.

The examined sequence was identified by bioinformatics in Deinococcus peradilitoris
(Figure 6c). At 10 µM CDN concentration binding was observed for c-AMP-GMP, c-di-GMP
and c-GMP-UMP (Figure S 4c). A concentration-dependent investigation revealed that it
specifically binds c-di-GMP with a KD of 90 nM. However, it discriminates only 3- and 6fold against c-AMP-GMP and c-GMP-UMP, respectively (Figure 6c). Previously, c-di-GMP
has been shown to form stable quadruplex structures82. Quadruplexes are strongly
stabilized by potassium ions, while the buffers utilized for in-line probing and the spinach
aptamer fusion assays contain high amounts of potassium ions. In order to exclude the
possibility that binding of c-di-GMP was underestimated due to the formation of Gquadruplexes by c-di-GMP, in-line probing assays were repeated in the presence of Na+
instead of K+ (Figure 7). The nature of the ion did not significantly influence binding
affinities. The established conditions of the in-line assay with 1 g/L PEG20,000 in the
reaction stabilize the riboswitch structure also in case of Na+ instead of K+.
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A coupled transcription/translation assay
Establishment and proof of principle
As riboswitches act both on the transcriptional and translational level, the initial aim was
to develop an assay in which the mRNA and protein levels under the control of the
riboswitch can be studied simultaneously. However, initial attempts to label both protein
and RNA failed, likely to purification and poor label efficiency (Figure S 5). In the
following the regulatory effect of riboswitches was only examined at the protein level, thus
reducing the risk of contamination of protein samples with radioactively labelled RNA and
vice versa and simplifying the procedure by omitting the labor intense purification steps.
The protocol of Zawada83 was adapted. To increase label efficiencies only radioactively
marked cysteine and methionine were included in the transcription and translation
mixture. Furthermore, the incubation time was extended to 10 h to increase protein yields.
DNA templates were either obtained by PCR amplification from genomic DNA or were
cloned into a plasmid. The tested PCR products, containing a constitutive promoter, the
riboswitch and a part of the adjacent gen with stop codon, failed as templates to give raise
to protein in the transcription translation reaction. However, when plasmids were used as
templates for the reaction in which the riboswitch of interest was under control of a
constitutive promoter together with a part of the endogenous gene, a regulatory effect
could be observed (Figure 8a). The manganese riboswitch is a genetic ON-switch
controlling the manganese exporter MntP in E. coli and is triggered by Mn2+ cations32. In
the presence of 1 mM Mn2+ a weak band can be observed at the expected size of the
translational product in contrast to the other tested ligands and the control reaction.
Already the presence of 100 µM FMN completely abolished the translation of RibB,
involved in riboflavin biosynthesis, in the coupled transcription/translation reaction. The
ribB FMN riboswitch of E. coli is reported to work both on the transcriptional and
translational level as a genetic OFF-switch84. Interestingly, the transcription termination
was reported to be Rho-dependent85. This supports the value of this assay as in principle
Rho should be present in the S30 extract and suggests that also riboswitch mechanisms
involving protein factors can be investigated with the assay. Altered gene expression was
only observed for the cognate ligands. Unrelated ligands like TPP or Mn2+ in case of the
FMN RSw and vice versa did not change the gene expression in the assay. Note that the
translation is not influenced in case of the control construct lacking a regulatory RNA
motif.
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Figure 8 The coupled transcription translation assay and RNA binding protein Ast. a Radiograph of the
translational products under control of the Mn2+ riboswitch, FMN riboswitch or no regulatory RNA element
(Ctrl.) after the transcription/translation reaction. Note that no protein was produced in the absence of DNA
template (no template). The coupled transcription/translation reaction was performed in the presence of the
annotated ligand concentrations. The proteins run at the expected weight (Ctrl. (eGFP): 32 kDa, FMN Rsw
(RibB*): 17 kDA). b The FMN riboswitch and the control construct was screened against metabolite fractions
of E. coli. Negative control without ligand (-) and positive control (100 µM FMN) were conducted as well as a
control reaction without template. c Binding analysis of Ast to RNA motifs icd (circles), sucA-II (squares) and
sucC (triangles) by a filter binding assay (Figure S 7). The binding curve of icd was fitted with a nonlinear fit
(solid line). d Radiograph and quantification for the P. putida icd regulatory RNA motif in the presence (Ast) or
absence (-) of Ast (PP_4476). Unpaired student’s t-test shows significance of the regulatory effect.

Screening of a bacterial extract
The assay was repeated to investigate if the assay in principle is suitable for the screening
of candidate riboswitches against bacterial extracts. Therefore, E. coli cells were extracted
with methanol and fractionated by HPLC over a reverse-phase column. The obtained
fractions were lyophilized and re-suspended in water. All fractions were tested against the
FMN riboswitch construct and the control construct, lacking any regulatory RNA motif
(Figure 8b). No translational product was observed for the FMN riboswitch construct
with fraction 14. This is in accordance with the results for 100 µM FMN and the beforementioned report about the FMN riboswitch being a genetic OFF-switch. The control
reaction is unaffected neither by fraction 14 nor by FMN, as observed before. Fraction 14
was analyzed by mass spectrometry (Figure S 6). The FMN concentration was determined
to be 17.76±1.95 µM. The results proofed that the coupled transcription/translation
reaction is robust enough to proceed in the presence of small molecule mixtures and thus
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increase the throughput of the screening. Therefore, the coupled transcription/translation
assay is a promising tool for the ligand discovery of orphan riboswitches.

Moonlighting enzymes involved in gene regulation
There is an increasing amount of so called moonlighting enzymes. Besides their primary
function they fulfill other tasks in the cell. For instance E. coli aconitase (AcnA) catalyzes
the isomerization of citrate to isocitrate via cis-aconitate86. At the same time, AcnA is able
to bind its own mRNA and to enhance the translation87. In the 5’ UTR of the TCA cycle
genes sucA, sucC and icd, RNA motifs were predicted with potential regulatory function55,
56.

In a screening effort, many proteins were found by a pulldown assay to interact with

the RNA motifs (Sophie Geiger, unpublished data). Ast (PP_4476) shares homologies with
topoisomerase II. Ast specifically binds to the icd RNA motif (Figure 8c). In the same filter
binding assay, the KD of Ast to icd the motif was determined to be ≈0.7 µM. This is one
order of magnitude lower than the KD reported for AcnA87. We used the coupled
transcription/translation assay to examine whether Ast is able to influence the translation
if the gene of interest is under control of the icd motif. Indeed, Ast reduced the translation
significantly for the icd reporter construct (Figure 8d). The icd gene codes for isocitrate
dehydrogenase- the enzyme where the glyoxylate shunt branches from the TCA. Icd was
the first bacterial enzyme found to be regulated by phosphorylation to quickly adopt to
growth conditions in which bypass of the TCA is favorable88. Thus, it seems reasonable
that icd is controlled at several levels.

Discussion
Riboswitch ligands were mostly discovered by educated guesses involving in-line probing
as the standard assay of characterization. This trial and error method is laborious and
time-consuming and can only be applied if the genetic context of the orphan riboswitch is
known. Up to date two ligands were found by more unbiased methods for their respective
riboswitch. The c-di-AMP riboswitch was detected by using a yeast extract as the source of
a multitude of small molecules35. After remaining an orphan for years, in 2016 the Breaker
group published that the last large family of orphan riboswitches ykkC sense guanidine
and regulate exporters and detoxification enzymes against this unknown metabolite44. The
ligand was assigned by a complete new strategy using reporter strains which were grown
under 2000 different conditions. As it is reasonable that riboswitches might be triggered
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by small molecules present only under certain growth conditions like second messengers,
it would be beneficial to have an assay in hand which allows fast and robust screening. Invitro assays are preferable, because ligands must not be transferred over the cell
membrane and can directly interact with the riboswitch candidate. Furthermore,
secondary effects like signaling cascades can be ruled out in contrast to in-vivo
experiments.
In-line probing was the first choice as it is the most common technique used for the
riboswitch discovery. Our first attempts to screen bacterial extracts gave inconsistent
results. Therefore, the assay was optimized to work robustly and reliably. We were able to
show that the addition of as little as 1 g/L high-molecular PEG was sufficient to
tremendously stabilize the results of in-line probing assays.
The optimized in-line probing assay was used to characterize variants of GEMM-I and
GEMM-II riboswitches. Especially the GEMM-I riboswitch variants were speculated to bind
different CDNs as the consensus sequence. E.g. the variation of G20 to A is indicative for
the change in specificity from c-di-GMP to c-AMP-GMP36, 37. We examined twelve GEMM-I
variants and a representative of the most abundant GEMM-II subgroup, the GAG group57.
For most of the riboswitch variants no binding of the ten canonical 2’-5’-CDNs was
observed. However, three GEMM-I riboswitches bound either c-di-GMP or c-AMP-GMP in
the micromolar range in accordance with the literature34, 36, 37. Those sequences are close
to the GEMM-I consensus sequence. The examined representative of the GEMM-II GAG
subgroup bound c-di-GMP as the representatives of the main group39. In conclusion, most
variants were unable to bind CDNs, thus they either lost their function or their ligand is
not closely related to c-di-GMP, as it is for example the case for the guanidine-I riboswitch
subgroups44, which were shown to bind ppGpp89, pRpp90 and nucleoside diphosphates91
instead of the non-related guanidine.
The huge drawback of the in-line probing remains that is laborious and is not suitable to
screen huge libraries of small molecules. Therefore, a second assay based on coupled
transcription translation was established and tested with bacterial extract fractions
against the FMN riboswitch. In bacteria, transcription and translation are tightly coupled
and are able to influence each other, with the tryptophan leader being the most famous
example13. Although most riboswitches are predicted to act on transcription level49, there
is increasing evidence that the gene regulation often is a combined effect of transcriptional
and translational control of riboswitches50. The transcription speed varies between
different RNA polymerases6. Hence, it can be beneficial to use an extract and the
corresponding promoter of the organism or a close relative from which the candidate
riboswitch originates. The developed assay covers all possible ways of riboswitch gene
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control. Even rho-dependent transcription termination as Rho factor should be present in
the S30 extract. The performance of riboswitches is often dependent on the surrounding
sequences. In the presented assay the natural sequence environment of the riboswitch can
be used. The 5’ UTR harboring the candidate riboswitch is simply cloned into a plasmid
together with its adjacent gene. After it was shown that the assay worked with pure
ligands, the activity of fractionated bacterial extract was examined. It could be shown that
the assay also works with more complex small molecule fractions. One fraction resulted in
almost complete loss of translation of the ribB gene under the control of the E. coli FMN
riboswitch. It could be shown that FMN was eluted in the active fraction, indeed. The assay
is not only suitable to examine riboswitches but also to study protein-based regulation as
was shown for the Ast protein which is binding to the icd motif. Ast down-regulates
expression of the adjacent gene, indicating that the icd motif might serve as a structured
binding platform for Ast.
The presented assays are powerful tools to screen and validate ligands for riboswitch
candidates.
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Chapter 3

A novel lysine degradation pathway in
bacteria

The following data are part of the publication “Wide-spread bacterial lysine degradation
proceeding via glutarate and L-2-hydroxyglutarate”, which was just accepted for
publication in Nature Communications. The author of this thesis performed experiments
for the characterization of CsiR, CsiD, PatA/D, GabT/D, to link LhgO to the natural quinone
pool of E. coli and isotope tracing experiments for the validation of the whole pathway.

Introduction
Since the discovery and characterization of the lac operon by Jacob and Monod, proteins
were for a long time believed to be the only mediators for gene regulation. Already in
these earliest reports, protein based repressors were found to be allosterically regulated
by small molecules. Like riboswitches, they are able to bind a specific ligand and thereby
the regulatory output is altered.
During the course of the doctoral thesis the csiD operon aroused our interest. The whole
operon is under tight control of cAMP-CRP and σS activating transcription under carbon
starvation. Additionally, CsiR represses transcription of the csiD operon92. CsiR has been
proposed to be itself allosterically regulated by a small molecule92 like its homolog GntR93.
We could show that indeed, the repression by CsiR is relieved in the presence of glutarate.
The function of the csiD operon was further investigated. The operon encompasses five
genes (csiD, lhgO, gabD, gabT and gabP). We could demonstrate that CsiD is an αketoglutarate dependent oxygenase hydroxylating glutarate to L-hydroxyglutarate, which
is widespread in bacteria. The downstream gene codes for LhgO, which oxidizes Lhydroxyglutarate to α-ketoglutarate94. We demonstrate that LhgO is membrane-bound
and ubiquinone linked. The gab genes comprise the second half of the operon. They are
involved in GABA and thus putrescine degradation95, 96. Those genes are located on the
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second half of the operon and can be transcribed independently. In the following, the Gab
proteins are shown to accept the C5 homologs of their C4 substrates. We propose that the
task of the whole operon is likely the net conversion of 5-aminovalerate to succinate. Thus,
this operon codes for the enzymes responsible for the final steps of a novel lysine
degradation pathway in bacteria, being the first discovered in E. coli.

Figure 9 Catabolism of lysine to succinate in Escherichia coli K-12. Summary of the central metabolic
pathway discovered in this study and of the corresponding gene cluster with its regulation (grey inset) in E.
coli. We show that E. coli CsiD (carbon starvation induced protein D) functions as an α-ketoglutaratedependent, CO2- and succinate-forming glutarate hydroxylase, which produces L-2-hydroxyglutarate, and that
E. coli LhgO (L-2-hydroxyglutarate oxidase) acts as a membrane-bound, ubiquinone-linked, α-ketoglutarateproducing L-2-hydroxyglutarate dehydrogenase. Effectively, glutarate is converted to succinate by these two
reactions. We also show that E. coli feeds glutarate into these reactions from 5-aminovalerate by promiscuous
GabT, when acting as 5-aminovalerate transaminase, and by promiscuous GabD, when acting as glutarate
seminaldehyde dehydrogenase. Thus, these GabT-GabD-CsiD-LhgO reactions link the central metabolism (TCA
cycle) with the yet incompletely known lysine catabolism in E. coli, that is, with LdcC and CadA as lysine
decarboxylases, PatA (putrescine transaminase) acting as cadaverine transaminase and PatD as
5-aminopentanal dehydrogenase70, 97-99. The catabolism of lysine by this pathway is specifically induced in the
stationary phase of E. coli (see text). The inbox shows the structure and regulation of the csiD-lhgO-gabD-gabT
operon, which include also genes gabP encoding for a γ-aminobutyric acid (GABA) transporter that also
imports the C5-homolog 5-aminovalerate100 and csiR encoding for a ligand-dependent transcription factor.
Arrows represent transcription start sites (TSS) of different transcripts. Transcription of the operon is known
to be enhanced by regulators cAMP-CRP, leu-LRP and H-NS101, 102, and repressed by CsiR92. We demonstrated
that this repression is relieved specifically upon binding of glutarate to CsiR.

Results
CsiR- the allosteric repressor
The regulation of the csiD operon has been already well characterized. Likely, this is due to
the name giving fact that CsiD (carbon starvation induced protein D) is uniquely expressed
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Figure 10 Characterization of the allosteric repressor CsiR. a Radiograph and quantification to determine
ligand specificity of CsiR repression by a filter binding assay of CsiR and a dsDNA sequence derived from the
csiD operon promoter region in presence of annotated compounds (1 mM each, GnCl: Guanidiniumchloride,
Ctrl: no ligand). CsiR-bound radioactive DNA is retained on a nitrocellulose membrane (NC), free DNA is
retained on a nylon membrane. Glutarate specifically reduces binding of CsiR to the DNA. Retained fraction
was calculated by dividing the intensity of NC bound DNA by the total intensity of DNA (Nylon+NC) b
determination of dsDNA consensus motif recognized by CsiR determined by hydroxyl footprinting (Figure S
8). Increasing CsiR concentrations protect DNA from hydroxyl radical cleavage (decreased cleavage is
visualized in blue). Data were visualized with SAFA Quant103.

under carbon starvation as it is synergistically dependent on σS and cAMP-CRP, making it
interesting to study gene regulation101. In addition the csiD operon is controlled by leuLRP, H-NS101, 102 and evidence arose that there is an additional repressor CsiR, expressed
from a downstream but independent gene locus92. It already has been speculated that CsiR
is allosterically regulated by a small molecule. Indeed, glutarate specifically relieved the
binding of CsiR to the 5’ UTR of the csiD operon containing the promoter region in a filter
binding assay (Figure 10a). Other tested compounds, even related ones (succinate and αketoglutarate (αKG)), exhibited no or less effect than glutarate. The results were
confirmed by surface plasmon resonance (SPR) measurements, where the presence of
glutarate diminished the interaction with the 5’ UTR of the csiD operon (Figure S 9b). We
further examined the binding site of CsiR at the csiD promoter region by hydroxyl radical
footprinting. CsiR binds to two primary and two secondary sites in the promoter region of
the csiD operon with the consensus sequences TTGTN5TTTT and ATGTN5TTTT of the
primary sites, each separated by six nucleotides (Figure 10b).
29

The radiograph and the complete analysis of the hydroxyl radical footprinting can be
found in Figure S 8. A dissociation constant of KD = 10 nM for the CsiR / DNA interaction
could be determined by SPR (Figure S 9a). Astonishingly, the function of the csiD operon
is only partly known even though its regulation was studied in detail. The operon
comprises five genes (csiD-lhgO-gabDTP). The gabDTP genes can be induced
independently in response to nitrogen starvation. We ought to investigate the function of
the whole operon and hypothesized that it may be involved in the degradation of lysine.

CsiD- the key enzyme
For many organisms, lysine degradation has remained as a white spot on the metabolic
map. In E. coli, a lysine decarboxylase activity has been described70, 97. Further degradation
of cadaverine to glutarate has been proposed in pseudomonads in 197773. The CsiD
protein belongs to the non-haem Fe(II)-dependent oxygenase family (protein family
PF08943), but the native substrate(s) of the predicted enzyme and its role during
stationary phase of E. coli remained unknown. A crystal structure of CsiD that was solved
in a structural genomics effort suggested that CsiD functions as αKG-dependent
dioxygenase104. Since the subsequent gene of the operon (lhgO, Fig. 1) has been described
as an L-2-hydroxyglutarate (L2HG) oxidase94 and CsiR binds glutarate, we hypothesized
whether CsiD may produce L2HG by hydroxylation of glutarate, a compound that has so
far been considered as a dead-end metabolite105. We purified CsiD and demonstrated by
NMR ( Figure 11a and Figure S 10/Figure S 11) and LC-MS that it indeed hydroxylates
glutarate to 2-hydroxyglutarate, while the co-substrate αKG is converted to succinate (and
CO2), as is common for this enzyme class106,

107.

By derivatization of the product with

diacetyl-L-tartaric anhydride108 we demonstrated that L2HG is produced in a highly
stereospecific manner; with no D-2-hydroxyglutarate (D2HG) being detectable (Figure S
12a). This finding is in accordance with the reported specificity for the L-enantiomer of
the subsequent LhgO-catalysed reaction94. When the reaction was measured with a Clark
O2 electrode, we determined a specific activity of 53 +/- 3 µmol*min-1*mg-1 and an
apparent Km = 650 +/- 20 µM for glutarate and Km = 100 +/- 7 µM for αKG ( Figure 11b, c).
Other dicarboxylic acids (oxalate, malonate, succinate, adipate, and pimelate tested) were
not converted. The physiological role of CsiD as glutarate-metabolising enzyme in the
stationary phase of E. coli was confirmed when we tested its csiD knockout strain (ΔcsiD)

30

Figure 11 CsiD is an αKG-dependent dioxygenase converting glutarate to L2HG. a Reaction as catalysed
by CsiD and its characterization by NMR. CsiD converts glutarate (GA) and α-ketoglutarate (αKG) to L-2hydroxyglutarate (L2HG) and succinate (SA), respectively (and carbon dioxide). 1H-NMR spectra of educts
(left) and products (right) after overnight incubation with CsiD in ammonium acetate buffer are shown,
asterisks: signals from acetate buffer. b, c Reaction rate, measured as consumption of O2 in a Clark-type oxygen
electrode, is plotted against the concentration of glutarate (b) and αKG (c). Data were fitted with MichaelisMenten equation (solid line). KM is indicated by the vertical line. d Intracellular glutarate concentrations in
different growth phases of E. coli M9 cultures. Circles (WT E. coli strain) and squares (ΔcsiD E. coli strain)
represent intracellular glutarate concentrations (blue= WT, green= ΔcsiD, right y-axis). Bacterial cell growth is
indicated by optical density at 600 nm (OD600) in black and grey (WT and ΔcsiD, left y-axis). Means of biological
duplicates with error bars representing standard deviation are shown. e Crystal structure of CsiD. The active
site of a protomer with substrate glutarate (yellow) and the αKG co-substrate analog N-oxalylglycine (orange)
is shown. The model is a reconstruction obtained by superimposing individual crystal structures of CsiD bound
to each of the ligands (the CsiD enzyme is equivalent in both structures; RMSD = 0.16 Å). The Fe(II) ion is
shown in magenta.

by LC-MS of small-molecule extracts: With carbon starvation and entry into the stationary
phase, the intracellular concentration of glutarate accumulated to much higher levels in
the ΔcsiD strain than compared to the wildtype ( Figure 11d). Being common in
Enterobacteriaceae, CsiD is also found in genomes of many other proteobacteria and bacilli
(Figure S 12b). CsiD as newly characterized glutarate hydroxylase is also interesting with
respect to the two structurally similar substrates glutarate and αKG. In addition, the
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product of the reaction, L2HG, is known as an oncometabolite inhibiting αKG-dependent
dioxygenases such as TET and Jmjc-type demethylases109,

110.

We did not observe

inhibition of CsiD by its product L2HG (Figure S 12c) in contrast to the aforementioned
representatives of the same enzyme class. In order to shed more light on this interesting
finding, we solved the atomic structure of CsiD in complex with a substrate (glutarate), a
product (succinate) and an inhibitor αKG-analog N-oxalylglycine (NOG) by X-ray
crystallography ( Figure 11e, Figure S 13, Table S 1). The crystal form obtained (with
symmetry P4212) contains two molecular copies of CsiD in its asymmetric unit. These two
non-crystallographic copies are fundamentally identical (RMSD = 0.082 Å). The biological
tetrameric form of CsiD is generated by the symmetry of the crystallographic lattice, as it
was previously the case in structures lacking the then unknown substrate104,

111.

The

enzyme protomer adopts a distorted jelly-roll fold composed of a β-sheet core flanked by
α-helices, as previously described. The iron ion is bound to the active site of CsiD by
residues His160, Asp162, and His292 and three solvent molecules that complete an
octahedral coordination sphere (Figure S 13a). In ligand-bound structures, one or more
solvent molecules become replaced by interacting oxygen atoms from the ligands.
Ligand-bound CsiD structures revealed two binding sites located at opposite sides of the
Fe2+ ion ( Figure 11e and Figure S 13b-d). In the substrate site (here termed site I),
glutarate is directly coordinated by the Fe2+ ion via an oxygen atom from one of its
terminal carboxyl groups. The other carboxyl group forms a salt bridge with a conserved
residue Arg311 and the main chain nitrogen of Gly163 (Figure S 13b). The co-substrate
site (here termed site II) is seen in crystal structures in this work occupied by (a) the nonprocessable αKG-analogue NOG (C3 is substituted by nitrogen compared to αKG) or (b) the
co-product succinate. NOG binds the Fe2+ ion via the oxo- and a terminal oxygen atom of its
oxalyl moiety as well as forming a salt bridge with residue Arg309 (Figure S 13c).
Succinate is bound to Fe2+ via a terminal carboxyl group in a bidentate fashion (Figure S
13d) and further interacts with Arg309 through a low-occupancy solvent molecule that
occupies the site that is generated by decarboxylation of αKG to succinate, mimicking the
interaction to the NOG oxygen in that complex. Conformational changes in the CsiD protein
were not observed in any of the complexed structures, independently of whether ligand
site I or site II was occupied. Importantly, in structures with site I or II occupied, always
the cognate ligand for the respective site was observed with the other site unoccupied.
This finding demonstrates a high degree of specificity of CsiD regarding the binding of the
structurally similar substrate, co-substrate, and products.
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LhgO- coupling to the energy and carbon metabolism
The second protein of the operon, LhgO, has been described as a FAD-dependent L-2hydroxyglutarate oxidase, which utilizes molecular oxygen to yield αKG and hydrogen
peroxide94. However, we could not detect O2 consumption with L2HG using the purified
recombinant and active LhgO enzyme. LhgO is found very wide-spread with homologs in
most eubacteria, archaea, and eukaryotes. The human (41 % identity with E. coli LhgO
over full amino acid sequence) and A. thaliana homologs are described as L2HG
dehydrogenases112, 113 that localize to the inner mitochondrial membrane. Further, for the
plant enzyme a coupling of the electron transfer to the respiratory chain has been
proposed113.
Hence we tested whether the E. coli LhgO protein may be a dehydrogenase that feeds the
high-energy electrons (reported E0 = 19 +/- 8 mV)94 from the oxidation of L2HG via
ubiquinone to the respiratory electron transport chain (Figure 9): Purified recombinant
LhgO directly reduced ubiquinone (Figure S 14) in a L2HG-dependent manner with a
specific activity of 0.33 +/- 0.002 µmol/min*mg. Enzyme activity was not enhanced by
supplementing FAD to the reaction. Together with the yellow colour of purified LhgO this
indicates that bound FAD was co-purified saturating the reaction. Further, this activity of
native LhgO in E. coli was found exclusively in the membrane fraction but not in the
soluble protein fraction (Figure 12a), and a ΔlhgO strain completely lacked the activity,
indicating that LhgO is the only L2HG-converting enzyme in E. coli. Additionally, redox
activity of membranes upon L2HG addition was restored in a lhgO+ complementation
strain. However, activity of the lhgO+ membrane fraction was lower compared to WT E.
coli membranes. Inefficient incorporation of recombinant LhgO into the membrane,
possibly caused by the His-Tag, might influence LhgO activity of the complemented
membrane fraction. Furthermore, we were able to show that the natural quinones of E.
coli can serve as electron acceptors for LhgO. Membrane fractions of E. coli WT were
incubated with L2HG or succinate (testing succinate dehydrogenase as positive control) as
substrates for the respective dehydrogenases. The ratio between ubiquinol to ubiquinone
increased in the presence of both succinate and L2HG compared to the control reaction
without added substrate, indicating that electron transfer from these substrates to
ubiquinone occurred in the membrane fractions (Figure 12b). The ubiquinol/ubiquinone
pool was unaffected by L2HG in a membrane fraction prepared from an E. coli strain
lacking LhgO (ΔlhgO). We exclusively detected menaquinone and demethylmenaquinone
in their oxidized but not reduced forms. However, many electron chain dehydrogenases in
E. coli show no substrate specificity for the various quinone species and also under aerobic
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Figure 12 Characterization of LhgO as a membrane-associated, L2HG:quinone oxidoreductase in E. coli.
a Activity of E. coli WT membrane fraction (red; WT MF) transfering electrons from L2HG to DCPIP compared
to a WT cytosolic fraction (blue; WT CYT), a membrane fraction isolated from a ∆lhgO knockout strain (black;
lhgO- MF) and a complementation strain of ∆lhgO with recombinant LhgO (green,lhgO+ MF). Depletion of the
oxidized form of DCPIP over time was measured photometrically. b Ubiquinol to ubiquinone ratio (red./ox.)
was measured in E. coli membrane fractions in the presence or absence of L2HG or succinate. Quinones were
extracted from membrane fractions from either E. coli WT or ΔlhgO after the incubation with either L2HG or
succinate and measured by HPLC. c Reaction rate (R) of purified LhgO (blue columns) and E. coli WT
membrane fraction (grey columns) measured by DCPIP reduction per time in dependence of ubiquinone 1
(UQ1) or menaquinone-4 (MQ4) after addition of L2HG, (-) no quinone added. Error bars represent standard
deviations of triplicate measurements. d Inhibition of E. coli WT membrane activity by HQNO titration. HQNO
was added before L2HG and rates were normalized to the activity without added HQNO. DCPIP reduction
(spectrophotometrically) is indicated with black squares and oxygen consumption of membranes (Clark
electrode) by white triangles.

conditions naphtoquinones can be used as electron acceptors114,

115.

Since menaquinole

and demethylmenaquinole can reoxidise quickly116and may not be detected in the assay,
we cannot exclude that LhgO uses these quinones as electron acceptors. However, when
DCPIP was used as artificial electron acceptor both native LhgO in the membrane fraction
and recombinant LhgO revealed higher activities in the presence of ubiquinone1 compared
to menaquinone4 (Figure 12c). Taking into account that for E. coli ubiquinone is the main
electron acceptor under aerobic conditions115, these results support the conclusion that
LhgO acts as a quinone-dependent oxidoreductase located in the bacterial membrane.
Addition of the respiratory chain inhibitor 2-heptyl-4-hydroxyquinoline n-oxide (HQNO)
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in concentrations higher than 80 µM to membrane fractions abolished O2 consumption
and DCPIP activity, again confirming coupling of LhgO to the respiratory chain (Figure
12d).

A tale of promiscuous enzymes
In E. coli, the catabolism of the polyamine putrescine is well studied96. PatA transfers one
amino group of putrescine to αKG and yields γ-aminobutyraldehyde (ABAL). PatD
converts ABAL to γ-aminobutyric acid (GABA). GABA is degraded in two consecutive steps
by GabT and GabD to succinate. As presented in the last three sections the csiD operon is
controlled by glutarate and also the structural genes csiD and lhgO of the operon are
dedicated to degrade glutarate. In principle the Pat and Gab proteins catalyze the reactions
necessary for the conversion of cadaverine to glutarate. Cadaverine in turn is the only
degradation product of lysine known in E. coli. It is striking that homologs of the E. coli
proteins in Pseudomonas are known to convert the C5 analogues of the putrescine
degradation pathway (e.g. the GabT homolog is known as DavT (δ-aminovalerate
transaminase). Even for E. coli the PatA and GabP (GABA transporter) are known to accept
cadaverine and 5-aminovalerate (AVA), respectively. However, the conversion of the C5
analogues was completely neglected in the past. In the coupled PatA/D reaction a KMCad
of0.37 ± 0.05 mM and a vmax of 11.8 µM*min-1 for cadaverine was determined.

Figure 13 Enzyme kinetics of the C4 and C5 substrates for the coupled transaminase/dehydrogenase
reactions. a Coupled GabT (GABA transaminase) and GabD (succinic semialdehyde dehydrogenase) reaction:
Comparison of the conversion of the C4 substrate GABA (circles) to succinate with the C5 substrate 5aminovalerate (triangles) to glutarate. b Coupled PatA (putrescine transaminase) and PatD (γaminobutyraldehyde dehydrogenase) reaction: Comparison of the conversion of the C4 substrate putrescine
(circles) to GABA with the C5 substrate cadaverine (triangles) to 5-aminovalerate (AVA). Reaction rate
(µM*min-1) is shown as a function of substrate concentration. Rate is given as µM NADP+/NAD+ reduced per
min, monitoring the dehydrogenase activity. Data represent the mean of triplicate measurements with error
bars representing standard deviations.
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Interestingly, for putrescine the vmax (29.1 µM*min-1) was found to be higher. However, the
KMPut of 1.43 ± 0.07 mM was much higher as well (Figure 13a). The products of the PatA
reaction 5-aminopentanal (APA) and piperideine as well as AVA of the coupled reaction
were confirmed by mass spectrometry. Furthermore, GabT and GabD accept AVA with
comparable efficiency to GABA (KMGABA = 197 ± 27 µM, KMAVA = 439 ± 29 µM) for a coupled
GabT/D reaction, (Figure 13b). The reactions were additionally analyzed via high
resolution mass spectrometry to confirm glutrate as the product derived from AVA and its
intermediates derived from cadaverine (Figure S 15, Figure S 16). We demonstrated the
promiscuity of the PatA/D and GabT/D transaminase dehydrogenase. The enzymes of this
pathway are able to degrade to the same extent, at least the polyamines cadaverine and
putrescine.

The lysine degradation pathway via glutarate
To validate that lysine is degraded in E. coli in the proposed way, we performed isotope
tracing experiments. E. coli was grown in minimal medium containing glucose as carbon
source and isotope-labelled lysine, since E. coli is not able to grow solely on lysine as
carbon source. (Growth experiments utilizing the intermediates of the lysine degradation
pathway as C- and N-sources are shown in Figure S 17) We found high intracellular
concentrations of cadaverine, 5- APA, and glutarate predominantly in the fully labelled
form (Figure 14). Although, glutarate is present only at 180 µM in WT E. coli, glutarate

Figure 14 Isotope tracing experiment. E. coli was grown in M9 minimal medium in the presence of fully
labelled lysine (13C, 15N). Intracellular concentrations of cadaverine (Cad), 5-aminopentanal (APA), glutarate
(GA) and succinate (SA) of E. coli K-12 wt (blue) and ΔcsiD (grey) in stationary phase cultures. Non-isotopelabelled compounds are indicated as shaded bars. The sum of 13C/15N-labelled metabolites is shown as blank
bars. Fractions of labelled compounds relative to the sum of labelled and non-labelled compounds are
indicated above the respective bar (in percent). For isotope labelling patterns see Supplementary Table S 3.
Data represent the means of biological triplicates with error bars representing standard deviations. Each
replicate was measured at least once.
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levels accumulate to almost 5 mM in a ΔcsiD strain. Importantly, cadaverine, APA, and
glutarate were found predominantly in their completely labelled form. Fully

13C-labeled

AVA was detectable in small amounts in the ΔgabT strain. αKG and succinate were
detected predominantly in non-labeled form in accordance with multiple sources of these
13C-labeled

central metabolites. In the ΔcsiD strain we found highly elevated levels of

glutarate but no 13C-labeled metabolites downstream of the CsiD reaction (succinate, αKG).
In accordance with succinate as end product of the lysine degradation pathway, [M+4] and
[M+2]-labelled succinate was observed in small amounts. The labelling pattern of the
detected intermediates support an unbranched pathway as depicted in Figure 9. A
detailed list of the intracellular concentrations and labelling patterns of all intermediates
of the pathway can be found in Table S 3. Of note, we could also detect

13C-labeled

glutarate in a ΔgabT strain indicating that other transaminases besides GabT are able to
process AVA. In E. coli, there are isoenzymes for both GabT and GabD known, namely the
γ-aminobutyrate transaminase PuuE and the succinate semialdehyde dehydrogenase Sad.
We demonstrate for a coupled PuuE/Sad reaction with purified enzymes that similar to
the findings with GabT/D (Figure 13) indeed glutarate is obtained from AVA (Figure S
18). Taken together, the isotope labelling experiments prove that lysine degradation as
depicted in Figure 9 is the source of glutarate in E. coli. It can be summed up as:
L-lysine + 2 αKG + 2 NAD(P)+ + O2 + UQ  SA + 2 CO2 + 2 glutamate + 2 NAD(P)H + UQH2
(SA: succinate)

Discussion
Lysine is originally thought to be degraded in a ketogenic manner via β-oxidation and the
formation of acetyl-CoA. In accordance with that, glutarate is an intermediate of lysine
degradation in Pseudomonads and is proposed to be converted to glutaryl-CoA which is
further metabolized to acetyl-CoA117. Recently, a study of lysine degradation in P. putida
KT2440 was published that identified and characterized the same pathway via CsiD and
LhgO as in this work118 . We also demonstrated that E. coli possesses the key enzymes CsiD
and LhgO necessary to degrade lysine via glutarate and L2HG. These novel reactions show
that in E. coli, lysine is metabolized in a glucogenic way by the conversion of glutarate to
succinate and CO2 via αKG-dependent hydroxylation and subsequent oxidation to αKG.
This novel pathway fills a gap in central carbon and energy metabolism. In E. coli, the
pathway is activated in the stationary phase in a cAMP/CRP-dependent manner. Hence it
seems that lysine is recycled by E. coli in stationary phase for carbon and energy
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regeneration. The described regulation is in accordance with growth experiments with the
ΔcsiD strain exhibiting a growth defect at the onset of the stationary phase compared to
WT E. coli K-12 (Figure S 19), hinting at a distinct advantage of activating lysine
degradation via the csiD pathway in the stationary phase. Apart from introducing novel
reactions of central metabolites, our findings have implications for the biotechnological
production of the polyamide building blocks AVA and glutarate. Both compounds have
been produced from engineered E. coli before119, 120. Taking into account the presented
pathways and activities, it is likely that yields could be improved significantly by utilizing
knockout strains or adopting conditions such as oxygen limitation preventing degradation
of the target compounds by GabTD and CsiD/LhgO. Indeed, Zhang and co-workers
demonstrate increased production of glutarate by knocking out both the glutarate
hydroxylation as well as the glutary-coA dehydrogenase pathway in P. putida118.
Furthermore, the presented pathway has potential implications for diseases such as
cancer105 and genetic organic acidurias121. In humans, L2HG is produced by malate and
lactate dehydrogenases especially at acidic conditions caused e.g. by hypoxia122. Increased
L2HG levels are malignant due to inhibition of TET- and Jmjc-type αKG-dependent
oxygenases responsible for nucleobase and histone demethylation, resulting in epigenetic
deregulation of gene expression and thereby progression in certain cancers109, 110. Some
tumours are also more prevalent in genetic acidurias defined by elevated levels of
L2HG123. Genetic inactivation of L2HGDH (the human homolog of LhgO) is the cause of Lhydroxyglutaric aciduria124. Increased glutarate levels are found in glutaric aciduria type
I125 and glutaric aciduria type III126. The glutaric acidurias are caused by malfunctioning
glutaryl-CoA dehydrogenase and succinyl-CoA/glutaryl-CoA transferase, respectively126.
However, the source of free glutarate in human metabolism is not fully understood since
interrupting the saccharopine pathway upstream of glutaryl-CoA formation in a mouse
model for GA-I did not rescue the mice from developing the disease127. Moreover, certain
cases of glutaric aciduria responded to antibiotics treatment, hinting at the possibility that
gut bacteria could contribute to elevated levels of glutarate128. Interestingly, questions
regarding additional sources of glutarate and hydroxyglutarates and their potential
involvement in normal metabolic processes have been raised frequently105. In this regard,
the presented work is potentially relevant for the discussed diseases and could inspire
further research identifying novel sources and fates of glutarate and L2HG in humans.
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Materials and Methods

Buffers, solutions and media
Table 2 Buffers and solutions. If not stated differently, buffers and solutions were prepared with MilliQ
ultrapure water and sterilized by autoclaving or using a 0.22 μm filter. If not stated differently, all chemicals
were purchased from Roth or Sigma-Aldrich.

Name

Composition

10x PBS (pH 7.4)

1.37 M NaCl (80.06 g/L), 27 mM KCl (2.01 g/L),
43 mM Na2HPO4 x 2H2O (14.24 g/L), 14.7 mM
KH2PO4 (2.72 g/L)

2x agarose gel loading buffer

60% (v/v) glycerol, 0.5% (w/v) bromophenol
blue, 0.5% (w/v) xylene cyanol

2x RNA denaturing PAGE loading buffer

1 mM EDTA, 80% formamide, 0.5% (w/v)
bromophenol blue, 0.5 % (w/v) xylene cyanol

6x SDS loading dye

300 mM Tris-HCl (pH 6.8), 600 mM
β-mercaptoethanol, 12% (w/v) SDS, 60%
(w/v) glycerol, 0.6% (w/v) bromophenol blue

5x TBE buffer (pH 8.3)

54 g/L Tris base, 27.5 g/L boric acid, 10 mM
EDTA

10x TBS-T

100 mM Tris/HCl (pH 8.0), 1.5 M NaCl, 5%
(v/v) Tween S20

1x TE buffer

30 mM Tris base, 1 mM EDTA

10X TBE, 9 M urea

108 g/L Tris base, 55 g/L boric acid, 20 mM
EDTA, 540 g/L urea

Urea (9 M)

540 g/L

Lysis Buffer (pH 8)

10 mM imidazole (0.34 g/ 500 mL), 50 mM
NaH2PO4 x 2 H2O (3.9 g/ 500 mL), 300 mM
NaCl (8.77 g/ 500 mL)

Wash Buffer (pH 8)

20 mM imidazole (0.68 g/ 500 mL), 50 mM
NaH2PO4 x 2 H2O (3.9 g/ 500 mL), 300 mM
NaCl (8.77 g/ 500 mL)

Elution Buffer (pH 8)

500 mM imidazole (17.02 g/ 500 mL), 50 mM
NaH2PO4 x 2 H2O (3.9 g/ 500 mL), 300 mM
NaCl (8.77 g/ 500 mL)
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5x M9 salts

42.5 g/L Na2HPO4 x 2H2O, 15 g/L KH2PO4, 2.5
g/L NaCl, 5 g/L NH4Cl

5x M8 salts

42.5 g/L Na2HPO4 x 2H2O, 15 g/L KH2PO4, 2.5
g/L NaCl

100x Trace elements solution

10 mM EDTA, 3 mM FeCl3, 620 µM ZnCl2, 76
µM CuCl2, 42 µM CoCl2, 162 µM H3BO3; 8 µM
MnCl2

1000x Vitamin Solution

100 mg/l cyanocobalamin, 80 mg/l 4aminobenzoic acid, 20 mg/l D-(+)-biotin, 20
mg/l niacin, 10 mg/l Ca-D-(+)-pantothenic
acid, 30 mg/l pyridoxamine-chloride, 20 mg/l
thiamindichlorid

Tris-Acetate

1 M (6.06 g/ 50 mL), adjust to pH 8.2 with
glacial acid

Mg2+Acetate

1.4 M (15.01 g/ 50 mL)

K+Acetate

6 M (29.45 g / 50 mL)

S30 buffer

1% (v/v) of each Tris-Acetate, Mg2+Acetate
K+Acetate

10x Salts (TransC/TransL)

1.3 M K+glutamate (2.64 g/ 10 mL), 100 mM
NH4+glutamate (164 mg/ 10 mL), 80 mM
Mg2+glutamate (311 mg/ 10 mL)

10x MasterMix (TransC/TransL)

12 mM ATP, 8.5 mM GTP, 8.5 mM UTP, 8.5 mM
CTP, 340 µg/mL Folinic Acid, 1.7 mg/mL E. coli
tRNA

AA Mix w/o methionine and cysteine

All 20 proteinogenic amino acids at 50 mM. 10
mL contain: 44.6 mg Alanine, 87.1 mg
Arginine,75.1 mg Asparagine, 66.6 mg Aspartic
acid, 73.6 mg Glutamic acid, 73.1 mg
Glutamine, 37.5 mg Glycine, 77.6 mg Histidine,
65.6 mg Isoleucine, 65.6 mg Leucine, 73.1 mg
Lysine , 82.6 mg Phenylalanine, 57.6 mg
Proline, 52.5 mg Serine, 59.6 mg Threonine,
102.1 mg Tryptophan, 90.6 mg Tyrosine, 58.6
mg Valine

Na+ pyruvate

1 M (110.0 mg/ 1 mL)

Na+ oxalate

1 M(134.0 mg/ 1 mL)

Putrescine

200 mM (17.6 mg/ 1 mL)

Spermidine

200 mM (29.1 mg/ 1 mL)

CoA

20 mM (16.2 mg/ 1 mL)
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NAD

100 mM (66.3 mg/ 1 mL)

Crush-Soak buffer

200 mM NaCl (1.17 g/ 0.1 L), 1mM EDTA (200
µL/ 0.1 L of 0.5 M EDTA pH 8), 10 mM HEPES
(0.238 g/ 0.1 L), adjust to pH 7.5

2x In-line reaction buffer

100 mM Tris (1.21 g/ 0.1 L), 40 mM MgCl2 x 6
H2O (0.81 g/ 0.1 L), 200 mM KCl (1.49 g/ 0.1
L), 2 g/L PEG 20,000, adjust to pH 8.3

10x Na2CO3 buffer

500 mM Na2CO3 (5.3 g/ 0.1 L), 10 mM EDTA (2
mL/ 0.1 L of 0.5 M EDTA pH 8), adjust to pH 9

10x Sodium Citrate buffer

250 mM Tri-Sodium Citrate (1.84 g/ 25 mL),
adjust to pH 5

2x Urea loading buffer

9 M Urea (27,05 g/ 50 mL), 20 % w/v Sucrose
(10 g/ 50 mL), 0,1% w/v SDS (0,05 g/ 50 mL),
0,05 % w/v Bromophenol Blue (0,025 g/ 50
mL), 0,05 % w/v Xylene Cyanol (0,025 g/ 50
mL), 90 mM Tris-HCl (0,55 g/ 50 mL), 90mM
Borate (0,28 g/ 50 mL), 1 mM EDTA (0,015 g/
50 mL)
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Table 3 Media. If not stated differently, solutions and media were prepared with MilliQ ultrapure water and
sterilized by autoclaving or using a 0.22 μm filter. If not stated differently, all chemicals were purchased from
Roth or Sigma-Aldrich.

Name

Composition

LB medium (+ glucose/ 500 µM MgCl2)

5 g/L NaCl, 5 g/L yeast extract, 10 g/L
tryptone, pH 7.0 (+ 0.25% (w/v) glucose, 500
µM MgCl2)

M9 minimal medium

42 mM Na2HPO4 x 2 H20, 37 mM KH2PO4,
86 mM NaCl, 18.7 mM NH4Cl, 2 mM MgSO4, 0.1
mM CaCl2, 0.4% (w/v) glucose (200 mL 5x M9
salts, 2 mL 1M MgSO4, 100 µL 1M CaCl2, 20 mL
20% (w/v) glucose to 1 L with H2O)

M9 w/o C-Source

42 mM Na2HPO4 x 2 H20, 37 mM KH2PO4,
86 mM NaCl, 18.7 mM NH4Cl, 2 mM MgSO4, 0.1
mM CaCl2 (200 mL 5x M9 salts, 2 mL 1M
MgSO4, 100 µL 1M CaCl2) supplemented with
10 mM C-source
42 mM Na2HPO4 x 2 H20, 37 mM KH2PO4,

M8, M9 w/o N-Source

86 mM NaCl, 2 mM MgSO4, 0.1 mM CaCl2, 0.4%
(w/v) glucose (200 mL 5x M8 salts, 2 mL 1M
MgSO4, 100 µL 1M CaCl2, 20 mL 20% (w/v)
glucose to 1 L with H2O) supplemented with 10
mM N-source
SOC (super optimal broth with catabolite

2% (w/v) tryptone, 0.5% yeast extract, 0.05%

repression) medium

(w/v) NaCl, 10 mM MgCl2, 10 mM
MgSO4 x 7 H2O, 20 mM glucose

Antibiotics
Table 4 Stock solutions of compounds and antibiotics. All solutions were sterile filtered through a 0.22 μm
filter. If not stated differently, all chemicals were purchased from Roth or Sigma-Aldrich.

Name

Composition

1000x carbencilline

1 g in 10 mL 50% (v/v) ethanol

1000x kanamycin

3.4 g in 10 mL ethanol

1000x chloramphenicol

3.0 g in 10 mL H2O

1000x IPTG

1M

Enzymes
Table 5 Enzymes and corresponding buffers.

Name

Buffer

Manufacturer

51

Phusion Hot Start II DNA

5x HF buffer, 5x GC buffer

Thermo Scientific

Taq DNA polymerase

10x Standard Taq buffer

Thermo Scientific

T4 Quick ligase

2x Quick ligase buffer

NEB

Rnase inhibitor (Ribolock)

n/a

Fermentas

T7 RNA polymerase

5x Transcription buffer

Thermo Scientific

PPase

5x Transcription buffer

Thermo Scientific

DNase I

10x DNase I reaction buffer

Thermo Scientific

rSAP

10x Cut Smart buffer

NEB

T4 polynukleotide kinase

Buffer A PNK

Thermo Scientific

BamHI-HF

10x Cut Smart buffer

NEB

SpeI-HF

10x Cut Smart buffer

NEB

polymerase

Kits and size ruler
Table 6 Kits and size ruler.

Name

Manufacturer

Zymo DNA Clean & Concentrator Kit

Zymo Research

Zymoclean Gel Recover Kit

Zymo Research

Zyppy Plasmid MiniPrep Kit

Zymo Research

Ni-NTA agarose beads

Qiagen

Gene Ruler 1 kb DNA ladder

Fermentas

Gene Ruler Ultra low range DNA ladder

Fermentas

Page Ruler Prestained Protein ladder

Fermentas

Oligonucleotides
Table 7 Primers used in this thesis. All primers were purchased from Sigma-Aldrich.

Target
Lysine RSw

Gd RSw II
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Name
fwd

EMA009

rev

EMA010

fwd

MS067

rev

MS068

Sequence (5'-3')
taatacgactcactataGGTGAAGATAGAG
GTGCGAAC
CAACGAGATAGCCCTCCAAG
taatacgactcactataGGTTTGCAGGACGA
CCTGCAAACGCCTCTTTTC
TGGGGCCGTCCCCGGTGAAAAGAGGC
GTTTGCAGGTC

Purpose
primer for lysine RSw +
T7 promoter for in-line
probing
primer for Gd-II RSw +
T7 promoter for in-line
probing

Azaaromatic
RSw

Gm0292

Env-13

Ece-1-1

Awo-1-3

Nca-1-1

Bce-8-1

Car-1-1

Cbo-1-1

Toc-1-1

Rso-1-1

Cbu-1-1

Gs1945b

GEMM-II
FMN RSw
construct

Mn2+ RSw
construct

fwd

CD004

AACGATTCCCTCCTCATAAAAG

rev

CD007

fwd

MS100

rev

MS101

fwd

MS112

rev

MS113

fwd

MS114

rev

MS115

fwd

MS116

rev

MS117

fwd

MS118

rev

MS119

fwd

MS120

rev

MS121

fwd

MS122

rev

MS123

fwd

MS124

rev

MS125

fwd

MS126

rev

MS127

fwd

MS128

rev

MS129

fwd

MS130

rev

MS131

fwd

MS154

rev

MS155

fwd

MS168

rev

MS169

fwd

MS183

rev

MS184

fwd

MS185

agtctACTAGTGCCCTCATTTGGGGAG

rev

MS186

agtctGGATCCTTATTCCGCTTTTTTCC
CAAT

taatacgactcactataGGTAAAGAATGAA
AAAACACGATTCG
taatacgactcactataGGATAGACGATAAT
ACTCAAC
AGATATTTCGGCAACCCGGCTGTCTC
taatacgactcactataGGCTATAATAAGGA
AATCGG
ACCTCATTTTATGCAACTGG
taatacgactcactataGGAATCAAAGGCAA
AACAGAC
AATCATGAATGCAACTGGC
taatacgactcactataGGTAACATGATATT
GGCATACTTATTG
TAATTGTACAACTGGCTGTC
taatacgactcactataGGAACCCTAATGGC
CAAAC
ATTTTCTGCGCAGCTCAG
taatacgactcactataGGTATTTTTAGCAC
ACTATTCG
TATTTTTCCAACCTTTCTATTG
taatacgactcactataGGCAATGTTAATAG
CACAACTATC
ACTTTGACAACCTGGCAATC
taatacgactcactataGGTTCAGGTAGCAA
AGTAGTTG
TCAACGTGCAACTGGCTAC
taatacgactcactataGGTATACCAAAGTG
CAAACC
GCACCATCGGCAGCCC
taatacgactcactataGGCTGTTGCATTTG
CAAAG
CGGCGGACAACTGGC
taatacgactcactataGGAATTGAATACGC
AAAGTTAATG
AATTCCCCCGGCAACTG
taatacgactcactataGGCGAAGGGGTAAA
CCCAG
CGCCAACCCGGCTATCC
taatacgactcactataGGCUCCUGAUGCGC
AAUGAC
CTCCTGGTCGGTCTCACCATTG
atgctGGATCCTTACGGTTTAAAGCCTG
CCAGCGTCAT
atgctACTAGTGCTTATTCTCAGGGCGG
GGCGAAA

primer for azaaromatic
RSw + T7 promoter for
in-line probing
primer for Gm0292 + T7
promoter for in-line
probing
primer for Env-13 + T7
promoter for in-line
probing
primer for Ece1-1 + T7
promoter for in-line
probing
primer for Awo-1-3 + T7
promoter for in-line
probing
primer for Nca-1-1 + T7
promoter for in-line
probing
primer for Bce-8-1 + T7
promoter for in-line
probing
primer for Car-1-1 + T7
promoter for in-line
probing
primer for Cbo-1-1 + T7
promoter for in-line
probing
primer for Toc-1-1 + T7
promoter for in-line
probing
primer for Rso-1-1 + T7
promoter for in-line
probing
primer for Cbu-1-1 + T7
promoter for in-line
probing
primer for Gs1945b + T7
promoter for in-line
probing
primer for GEMM-II + T7
promoter for in-line
probing
primer for FMN RSw +
BamHI site
primer for FMN RSw +
SpeI site
primer for Mn2+ RSw +
SpeI site
primer for Mn2+ RSw +
BamHI site
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FMN RSw

Mn2+ RSw

TPP RSw

csiD 5' UTR_1
csiD 5' UTR_2
csiD 5' UTR_3

csiD

gabT

gabD

csiR

sad
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rev

MS187

fwd

MS188

fwd

MS189

rev

MS190

rev

MS191

fwd

MS192

fwd

MS161

TTATTTAAAGCCTGCCAGCGTCATCA
tcataaaaaatttatttgctttgtgagcggataaca
attataataggggggGCTTATTCTCAGGGC
GGGGCGAAA
tcataaaaaatttatttgctttgtgagcggataaca
attataataggggggGCCCTCATTTGGGGA
GTAGCCGAT
TTACAGCACCAGCCCGCCGAGAATTT
C
TAATGCGCCAAAGCTCATTC
tcataaaaaatttatttgctttgtgagcggataaca
attataataggggggTTGTCGGAGTGCCTT
AACTG
CCCGATAAAACGGGGCAGATAA

rev

MS162

ATAGTCCTGGCCTGAATCGACA

fwd

MS170

TGTTGCTTTTGATCACAATAAG

rev

MS171

TATGAGATGTAGGGTGACATGG

fwd

MS177

[Btn]CTTTTGTGCGCATTTT

rev

MS178

CTCATTTCGTAGCCATAA

SP04

TCCCCATCGGTGATGTC

SP10

CTAGTTATTGCTCAGCGG

fwd

SK80

aaaaaCATATGAATGCACTGACCGCCG
TACA

rev

SK81

tttttCTCGAGTTACTGATGCGTCTGGT
AGT

fwd

SK99

aaaaaCATATGAACAGCAATAAAGAGT
TAATGCAG

rev

SK100

tttttCTCGAGCTACTGCTTCGCCTCATC
AAA

fwd

SK101

aaaaaCATATGAAACTTAACGACAGTA
ACTTATTCCG

rev

SK102

tttttCTCGAGTTAAAGACCGATGCACA
TATATTT

fwd

SK103

aaaaaCATATGACCATTACGTCTCTGG
ATGGCT

rev

SK104

tttttCTCGAGTTAATTGCCAGCCATCGC
CT

fwd

SK121

aaaaaCATATGACCATTACTCCGGCAA
CTCA

rev

SK122

tttttCTCGAGTCAGATCCGGTCTTTCCA
CA

primer for FMN RSw + T5
promoter for
transc./transl. assay
primer for Mn2+ RSw +
T5 promoter for
transc./transl. assay
primer for TPP RSw + T5
promoter for
transc./transl. assay
primer for csiD 5' UTR for
dot blot
primer for csiD 5' UTR for
hydroxyl radical
footprint
primer for csiD 5' UTR for
hydroxyl radical
footprint
sequencing primer for
pET28a
sequencing primer for
pET28a
primer for csiD (E. coli)
gene amplification + NdoI
site
primer for csiD (E. coli)
gene amplification + XhoI
site
primer for gabT (E. coli)
gene amplification + NdoI
site
primer for gabT (E. coli)
gene amplification + XhoI
site
primer for gabD (E. coli)
gene amplification + NdoI
site
primer for gabD (E. coli)
gene amplification + XhoI
site
primer for csiR (E. coli)
gene amplification + NdoI
site
primer for csiR (E. coli)
gene amplification + XhoI
site
primer for sad (yneI) (E.
coli) gene amplification +
NdoI site
primer for sad (yneI) (E.
coli) gene amplification +
XhoI site

puuE

lhgO

lhgo+

fwd

SK123

aaaaaCATATGAGCAACAATGAATTCC
ATCAGC

rev

SK124

tttttCTCGAGTTAATCGCTCAGCGCATC
CT

fwd

SK137

aaaaaCCATGGGGATGTATGATT

rev

SK138

tttttCTCGAGTTGATTAAATGCGGCGT
GT

rev

MS205

cgacGGATCCTCAGTGGTGGTGGTGGT
G

primer for puuE (E. coli)
gene amplification + NdoI
site
primer for puuE (E. coli)
gene amplification + XhoI
site
primer for lhgO (E. coli)
gene amplification + NcoI
site
primer for lhgO (E. coli)
gene amplification + XhoI
site
primer for lhgO (E. coli)
gene amplification +
BamHI site,ΔlhgO
complementation

Table 8 Sequences of DNA/RNA molecules synthesized in this study

Name

DNA/RNA

Lysine RSw

RNA

Gd RSw II

RNA

Azaaromatic RSw

RNA

Gm0292

RNA

Env-13

RNA

Ece-1-1

RNA

Awo-1-3

RNA

Nca-1-1

RNA

Bce-8-1

RNA

Car-1-1

RNA

Cbo-1-1

RNA

Toc-1-1

RNA

Rso-1-1

RNA

Cbu-1-1

RNA

Gs1945b

RNA

Sequences (5’-3’)
GGUGAAGAUAGAGGUGCGAACUUCAAGAGUAUGCCUUUGGAGAAA
GAUGGAUUCUGUGAAAAAGGCUGAAAGGGGAGCGUCGCCGAAGCA
AAUAAAACCCCAUCGGUAUUAUUUGCUGGCCGUGCAUUGAAUAAA
UGUAAGGCUGUCAAGAAAUCAUUUUCUUGGAGGGCUAUCUCGUU
GGUUUGCAGGACGACCUGCAAACGCCUCUUUUCACCGGGGACGGCC
CCA
GGUAAAGAAUGAAAAAACACGAUUCGGUUGGUAGUCCGGAUGCAU
GAUUGAGAAUGUCAGUAACCUUCCCCUCCUCGGGAUGUCCAUCAU
UCUUUAAUAUCUUUUAUGAGGAGGGAAUCGUU
GGATAGACGAUAAUACUCAACCAUCCGCGAGGAUGGGGCGGAAAG
CCUACAGGGUCUCUUCGAGACAGCCGGGUUGCCGAAAUAUCU
GGCUAUAAUAAGGAAAUCGGCAAACCAGAUGAAAGUCUGGGACGC
AAAGCUACAGGGCCUGUAAAAUGGCAGCCAGUUGCAUAAAAUGAG
GGAAUCAAAGGCAAAACAGACGAAAGUCUGUGACGCAAAACUAUA
GGGGCCGAAAUAGCCAGCCAGUUGCAUUCAUGAUU
GGUAACAUGAUAUUGGCAUACUUAUUGAAAAGUAAGGACGCAAA
ACUAUAGGGUCUAAAUAAUGUAUAUUAUAUGACAGCCAGUUGUA
GGAACCCUAAUGGCCAAACCUGCCGUGAGACAGGGACGGAAAGCU
ACAGGUCUAUGUUUUGAUGUCAUUAGAUGGCUGAGCUGCGCAGAA
GGUAUUUUUAGCACACUAU.UCGAAAGGAUAGGCCGCAAAGCUUA
UUUUGUGCAAUAGAAAGGUUGGAAAAAUA
GGCAAUGUUAAUAGCACAACUA.UCGAAAGGUCGCGUCGCAAAGCU
AUGGGUCUAAAGAAAAUAUUUUUCUAUGAUUGCCAGGUUGUCAA
AGU
GGUUCAGGUAGCAAAGUAGUUGAAAGUCUAUGACGCAAAGCUAAA
AGGCCUGUGAAAUGGUAGCCAGUUGCACGUUGA
GGUAUACCAAAGUGCAAACCAGCCGAAAAGCUGGAGUGCCAAGCU
GCGGAUAUAAAGCUUUUAAUGCUAUGGUAGCCGGGCUGCCGAUGG
UGC
GGCUGUUGCAUUUGCAAAGCUGGAGUGAUCCGGCGACGCAAAGCC
AGGGGGACUUCCGUAUCGGAAGUCAGCCAGUUGUCCGCCG
GGAAUUGAAUACGCAAAGUUAAUGAAAGUUAAUGACGCAAAGCU
AUAGGGACUAAGAAUUUUAUUAAGAAUUUAUGUCAGCCAGUUGC
CGGGGGAAUU
GGCGAAGGGGUAAACCCAGGGUAACCUGGGGACACAAAGCUACGG
GUCCUGAAAUGUCCUAGGGUUUUCAGGAUAGCCGGGUUGGCG
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GEMM-II (GAG)group)

RNA

csiD 5' UTR_1

DNA

csiD 5' UTR_2

DNA

csiD 5' UTR_3

DNA

GGCUCCUGAUGCGCAAUGACCUGCCUUCCAUACCCGGUCACCCGGA
AGACAGCGAGCCAAUGGUGAGACCGACCAGGAG
CCCGATAAAACGGGGCAGATAATATGTTTAGTTTACTAACGGTCAT
TTTGCAGTGAAGCCATTTACTGTTTTTTATCGACCAGATAATCTGT
TCTCTAATGTTAACTCCCCCTAACCTGTTGCTTTAGTTATTCATTTC
CTGTCTCACTTTGCCTTAATACCCTACGTTAAATGTTACTAATTTG
TTGCTTTTGATCACAATAAGAAAACAATATGTCGCTTTTGTGCGCA
TTTTTCAGAAATGTAGATATTTTTAGATTATGGCTACGAAATGAGC
ATCGCCATGTCACCCTACATCTCATAAGAGGATCGCTTCTGATGAA
TGCACTGACCGCCGTACAAAATAACGCTGTCGATTCAGGCCAGGAC
TAT
TGTTGCTTTTGATCACAATAAGAAAACAATATGTCGCTTTTGTGCG
CATTTTTCAGAAATGTAGATATTTTTAGATTATGGCTACGAAATGA
GCATCGCCATGTCACCCTACATCTCATA
CTTTTGTGCGCATTTTTCAGAAATGTAGATATTTTTAGATTATGGC
TACGAAATGAG

Laboratory Equipment
Agarose and polyacrylamide gel electrophoresis systems (BioRad)
Amersham Imager 600 (GE Healthcare)
Autoclave (Systec)
Biacore T200 (GE Healthcare)
Biometra GelDoc (Biometra)
Centrifuge 5810R (Eppendorf)
Electroporator 2510 (Eppendorf)
Erlenmeyer flasks (baffled) for bacterial liquid culture 50 mL, 500 mL, 1 L, 2 L (Duran,
Schott)
Heath block, digital (VWR)
Incubators (Infors, memmert)
Laser scanner Typhoon FLA 7000 (GE Healthcare)
Multichannel pipette (Brand)
NanoQuant plate (Tecan)
Photometer (Eppendorf)
Photostimulable phosphor screens (Fuji)
Pipettes (Eppendorf)
Gel drier (BioRad)
Prominence HPLC (Shimadzu)
SDS-PAGE chamber (BioRad)
Single Quadrupole Mass spectrometer (Shimadzu)
Sonicator (Branson Sonifier 450, Heinemann)
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Table top centrifuge mini spin (Eppendorf)
Tecan infinite M200 plate reader (Tecan)
Thermal shaker (Thermomixer comfort, Eppendorf)
Thermocycler (Biometra)
Ultracentrifuge (Beckman Coulter)
UV-VIS Photodiode Array Detector (Shimadzu)
Vortexer (VWR)

Software
Biacore T200 Control/Evaluation Software for measurement and analysis of SPR
experiments
Clone Manager 9: Design and evaluation of primers, PCR and cloning strategies.
Furthermore, it was used for sequence alignment.
CorelDRAW X5: Arrangement and assignment of figures.
FinchTV was used to assess the quality of sequencing reactions.
GraphPad prism 5 (HYPNOS) & OriginLab Origin 8.6 were used for generation of
graphs, fitting of curves and statistical analysis
MATLAB R2008 was used to run SAFA103 for the quantification of the hydroxyl radical
footprint.
Quantity One: Quantification and visualization of radiographs of (SDS-) PAGE

Consumables
1.5 mL and 2 mL plastic tubes (Sarstedt)
PCR tubes (Thermo Scientific)
15 mL and 50 mL platic tubes (BD Bioscience)
96 deep well plates (Sarstedt)
10 μL, 200 μL and 1000 μL pipette tips (Sarstedt
5 mL, 10 mL, 25 mL and 50 mL plastic pipettes (Sarstedt,)
Electroporation cuvettes 1 mm (Roth)
Whatman paper (Bio-Rad)
Nitrocellulose blotting membrane 0.2 µM (Roth)
Nylon plus blotting membrane 0.45 µM (Roth)
Gas permeable adhesive seals (Brand)
Aluminium adhesive seals (Brand)
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Petri dishes (Sarstedt)
Sterilizing filters (Sarstedt)
Gloves Nitrile/ Latex (VWR, MaiMed)

General methods
Taq PCR

Table 9 Taq PCR reaction setup

Stock Conc.

Reagent

Volume

Final Conc.

[µL]
10x

Standard Taq buffer

20

1x

10 mM

dNTPs (Fermentas)

4

0.2 mM

100 µM

primer A

2

1 µM

100 µM

primer B

2

1 µM

10 ng/µL

template plasmid*

4

0.2 ng/µL

5 U/µL

Taq DNA polymerase

2

0.05 U/µL

n/a

H2 O

to 200 µL total volume

*for colony PCR: Colony was re-suspended in 100 µL H2O, heat to 95°C for 3 min, add 60
µL
Split into max. 100 µL reaction volume
Table 10 Thermo cycler program for Taq DNA polymerase

temperature [°C]

time [s]

cycles

initial denaturation

98

30

1x

denaturation

98

10

annealing

**

30

extension

68

60/kb

final-extension

68

5 min

**app. 3°C below TM
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30x
1x

Phusion PCR
Table 11 Taq PCR reaction setup

Stock Conc.

Reagent

Volume [µL]

Final Conc.

5x

HF Phusion buffer

10

1x

2 mM

dNTPs (Fermentas)

5

0.2 mM

5 µM

primer A

5

0.5 µM

5 µM

primer B

5

0.5 µM

n/a

template DNA

n/a

100-150 ng total

2 U/µL

Phusion high-fidelity
DNA polymerase
H2 O

0.5

0.02 U/µL

n/a

to 50 µL total volume

Table 12 Thermo cycler program for Phusion DNA polymerase

temperature [°C]

time [s]

cycles

initial denaturation

98

30

1x

denaturation

98

10

annealing

**

30

extension

72

30/kb

final-extension

72

5 min

30x
1x

**app. 3°C below TM

Agarose gel electrophoresis
Agarose (Standard or GTQ for purification gels - Roth) was dissolved in 0.5x TBE by
heating the mixture in a microwave. 1 µL Midori Green (Nippon Genetics Europe GmbH)
was added to 40 mL agarose solution for DNA visualization. 0.5% TBE was used as
running buffer. Samples were mixed with 6x agarose loading dye. Gel electrophoresis was
conducted at 120 V for app. 40 min, depending on the expected DNA size. Gels were
analyzed on a gel documentation device under UV light (BioDoc Analyse, Biometra,
Analytik Jena). DNA was recovered from agarose gel with the Zyppy Gel Recover Kit.

Plasmid preparation
Plasmids were prepared from 5 mL overnight cultures in LB medium. Up to 2 mL cell
culture were harvested and processed according to the guideline of the Zyppy Plasmid
MiniPrep Kit. DNA was eluted with 50 µL H2O.
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Determination of DNA/RNA concentrations
2 μL of DNA/RNA solution were used to measure DNA concentrations in a Tecan infinite
M200 plate reader using the NanoQuant Plate.

Cloning using restriction enzymes
The PCR derived insert was purified over an agarose gel and purified as described. DNA
was eluted in 43 µL. The insert was double digested with 1 µL of each restriction enzyme
and 5 µL CutSmart buffer (NEB) for 1 h at 37°C. Insert was purified over an agarose gel
again. 3-5 µg integration vector was double digested with 1 µL of each restriction
enzyme in CutSmart buffer (1x in 50 µL) for 1 h at 37°C. 1 µL rSAP was added for
dephosphorylation and incubated for 1 h at 37°C. DNA was purified over an agarose gel
and eluted in 20 µL H2O. DNA concentration was measured and the ligation reaction was
set up as follows:
Table 13 Ligation reaction.

Reagent

Amount

2x Quick Ligase buffer

10 µL

Vector DNA

25-50 ng

Insert DNA

3:1 molare ratio to vector DNA*

Quick Ligase

1 µL

H2 O

to 20 µL total volume

Reaction was incubated for 20 min at 25°C and purified with Zyppy Clean & Concentrator
Kit and elute in 10 µL.

Transformation of plasmids into electrocompetent E. coli strains
Plasmids were transformed into electrocompetent E. coli strains. A dilution of 1 µL
plasmid solution was added to E. coli cell suspension thawed on ice. The mixture was
transferred into a chilled electroporation cuvette and electroporated at 1800 V in an
Eppendorf 2510 Electroporator. Transformed cells were transferred into preheated SOC
medium. Cells were immediately plated on LB agar plates with appropriate antibiotic and
incubated overnight at 37°C.
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DNA sequencing
Plasmid integrity after cloning was confirmed by sequencing by the GATC Biotech
Company, Konstanz, Germany. 5 µL of 80-100 ng µL-1 DNA solution mixed with 5 µL of
sequencing primer solution (5 µM) were send out for sequencing.

Glycerol stocks of E. coli
500 mL of an outgrown E. coli culture were mixed with 50% sterile glycerol. Stocks were
stored at -80°C.

Ethanol precipitation of DNA/RNA
1/10 volumes of 3 M NaAcetate (pH 5.6) and 3 volumes of ice-cold ethanol (100%) was
added and incubated at -80°C for at least 1 h. Samples were centrifuged for 15 min at full
speed at 4°C. The supernatant was discarded. Pellets were washed with 1 mL ice-cold
ethanol up to three times. Pellets were dried on air. (RNA pellets were stored at -20°C and
dissolved prior to usage).

In-vitro transcription
Table 14 Reaction setup for in-vitro transcription

Stock Conc.

Reagent

Volume [µL]

Final Conc.

5x

T7 transcription buffer

10

1x

25 mM

NTPs (Fermentas)

15

1.875 mM

n/a

template DNA (PCR product)

n/a

precipitated from 200 µL Taq
PCR

0.1 U/µL

PPase

1.5

0.75 mU

n/a

RNase Inhibitor

2

n/a

200 U/µL

T7 RNA polymerase

3

3 U/µL

n/a

H2 O

to 200 µL total volume

Reaction was set up and incubated for 3 h at 37°C. 2 µL DNaseI were added for 10 min to
eliminate template DNA. RNA was purified over 5% denaturing PAGE.
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RNA purification
A 1.5 mm thick 5% denaturing PAGE was casted for purification. 40 mL Rotiphorese
Sequencing gel concentrate (25%), 140 mL 9 M urea, 20 mL 10x TBE in 9 M urea were
mixed. The polymerization was started with 1.6 mL 10% (w/v) APS and 80 µL TEMED. Gel
was allowed to polymerize at least for 2 h. Gel was preheated at 60 W. Samples were
mixed with denaturing RNA loading dye and loaded on the gel. Gel was run at 65 W for
app. 2 h. RNA was visualized by UV shadowing or radiograph. RNA was cut out and
incubated with crush-soak buffer (at least 500 µL) for at least 3 h at 4°C under constant
agitation. Gel was filtered over glass wool with a syringe and ethanol precipitated. In case
of final precipitation for in-line probing 1 µL glycogen (Fermentas) was used instead of
NaOAc.

RNA/DNA labeling reaction
20 pmol RNA were dephosphorylated with rSAP (2 µL rSAP, 2 µL CutSmart buffer to 20 µL
with H2O). 172 µL H2O and 8 µL 5 M NaCl were added and phenol/chloroform extraction
was performed. Solution was mixed with buffered Roti-P/C/I for nucleic acid purification
(Roth). Aqueous phase was re-extracted with Roti-C/I (Roth). RNA was precipitated from
aqueous phase with ethanol and glycogen as carrier. Synthesized DNA was used directly in
the labeling reaction. Labeling reaction was set up as:
Table 15 RNA/DNA labeling reaction.

Stock Conc.

Reagent

Volume [µL]

Final Conc.

5x

T4 PNK buffer

4

1x

n/a

RNA/ssDNA

n/a

20 pmol

γ-32P-ATP (Hartmann Analytic)

6

n/a

RNase Inhibitor

2

n/a

200 U/µL

T4 PNK

3

3 U/µL

n/a

H2 O

to 20 µL total volume

Labeled RNA was purified over a 5% denaturing PAGE. DNA was purified over an agarose
gel. RNA was precipitated from crush-soak buffer with ethanol without additives. Pellet
was washed thoroughly with ice-cold 70% ethanol.
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SDS-gel
1 mm gels were casted with the BioRad SDS gel electrophoresis equipment. For one gel the
following reaction mixtures were set up:
Table 16 SDS-gel recipe. Resolving gel (white), stacking gel (grey). Resolving gel was allowed to polymerize
for 30 min and was overlaid with isopropanol. Gel was washed with H2O and the stacking gel was casted.

Stock Conc.

Reagent

Volume

Final Conc.

40% (w/v)

Rotiphorese Gel 40 (37.5:1)

1.25 – 2 mL

10%-16% (w/v)

1M

Tris-HCl pH 8.8

1.25 mL

250 mM

10% (w/v)

SDS

50 µL

0.1% (w/v)

10% (w/v)

APS

50 µL

0.1% (w/v)

TEMED

5 µL

0.1% (v/v)

H2 O

to 5 mL

40% (w/v)

Rotiphorese Gel 40 (37.5:1)

250 µL

5%

1M

Tris-HCl pH 6.8

250 µL

125 mM

10% (w/v)

SDS

20 µL

0.1% (w/v)

10% (w/v)

APS

20 µL

0.1% (w/v)

TEMED

2 µL

0.1% (v/v)

H2 O

to 2 mL

Gel was run at 120 V for app. 2 h in 1x Rotiphorese SDS-PAGE buffer until the running
front achieved the bottom of the resolving gel.

Methods for developing screening strategies for
the discovery of riboswitch ligands
In-line probing
DNA templates containing the riboswitch sequence were generated from plasmids by PCR
using primer containing the T7 promoter. DNA templates were used for in vitro
transcription with T7 RNA polymerase (NEB) according to the manufacturer. RNase
Inhibitor (NEB) and PPase were added for more efficient transcription. RNA was purified
by PAGE. 20 pmol of RNA were dephosphorylated with rSAP (NEB) and 32P-labeling was
achieved by T4 PNK (NEB) with γ-[32P]-ATP. Radiolabeled RNA was PAGE purified. In-line
probing reactions contained 1 kBq of RNA and the respective ligand in 20 mM MgCl2, 100
mM KCl (100 mM NaCl if described) and 50 mM Tris-HCl (1x in-line buffer) at pH 8.3 at 25
°C. PEG 20,000 was added to a final concentration of 1 g/L to support RNA folding.
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Reactions were set up in 20 µL. The RNA was incubated for 40 h at 25 °C. For nucleotide
assignment partial digestion of the RNA with T1 RNase and alkaline digestion was
performed as described74. For RNase digestion 1 kBq RNA was incubated for 2-3 min in 1x
sodium citrate buffer with 1x Urea loading buffer and 1 U T1 RNase at 50°C. For alkaline
digestion 1 kBq RNA was incubated for 5 min in 1x Na2CO3 buffer at 95°C. Control
reactions were set up in 20 µL. Controls and in-line probing reactions were analyzed by
PAGE and imaged using a Typhoon FLA 7000 phosphorimager. Modulated bands were
quantified with QuantityOne. Intensity was plotted against the concentration and the
curve was fitted with a non-linear Hill1 fit in Origin 8.6.

Coupled transcription translation reaction
S30 extract
E. coli K-12 MG1655 was cultured in 2x 500 mL LB supplemented with 0.25% (w/v)
glucose and 500 µM MgCl2 in 5 L baffled Erlenmeyer flasks to OD 2 at 37°C under constant
agitation at 210 rpm. Cell culture was rapidly chilled by adding ice into the culture (app.
500 mL beaker). Cells were harvested at 4000x g and 4°C for 20 min. Cells were resuspended in 5 mL chilled S30 buffer per gram wet weight. Cells were harvested again and
pellet was re-suspended in 1 mL S30 buffer per gram wet weight. Cells were lysed in a
French press at 10,000 psi. Cell lysate was centrifuged at 30,000x g at 4°C for 30 min.
Supernatant was carefully transferred into a reaction tube without disturbing the pellet.
Ultracentrifugation was repeated. Supernatant was incubated for 60 min at 37°C to
remove endogenous mRNA. Supernatant was centrifuged at 14,000x g at 4°C for 10 min.
100 µL aliquots were frozen in liquid nitrogen and stored at -80°C for up to one year.
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Coupled Transcription/Translation reaction
A master mix was prepared for the reaction as follows:
Table 17 Master mix for coupled transcription/translation reaction. Recipe is for one reaction.

Stock Conc.

Reagent

Volume [µL]

Final Conc.

10x

10x Salt solution

1.5

1x

10x

10x MasterMix

1.5

1x

50 mM each

AA mix w/o Met and Cys

0.6

2 mM

1M

Pyruvate

0.5

33 mM

100 mM

Oxalate

0.6

4 mM

200 mM

Putrescine

0.075

1 mM

200 mM

Spermidine

0.1125

1.5 mM

20 mM

CoA

0.2

0.27 mM

100 mM

NAD

0.05

0.33 mM

100 mM

CTP

0.1125

0.75 mM

10 mCi/mL

35S-label

0.3

200 µCi/mL

X µg/mL

Plasmid

13.3*15/X µL

13.3 µg/mL

n/a

H2 O

4.35-13.3*15/X µL

mix (Hartmann Analytic)

9.9 µL master mix were combined with 1.5 µL ligand, metabolite extract or protein and 3.6
µL S30 extract. Reactions were incubated for 10 h at 37°C. Reactions were quenched by
adding SDS-loading dye. Samples were heated to 95°C for 3 min and analyzed on a SDS gel.
SDS gels were dried under vacuum in a BioRad gel drier. A photostimulable phosphor
screen was exposed overnight. The screen was scanned with a Typhoon FLA 7000
phosphoimager.
Riboswitch constructs
Mn2+ and FMN riboswitch were cloned with part or entire gene into plasmid pQE31-JO6eGFP. Thereby, eGFP was removed and the ORF was chosen to give rise to 15-20 kDa
translational products in the coupled transcription translation reaction. Riboswitch
constructs were amplified from E. coli K-12 MG1655 genomic DNA with primer
MS183/MS184 for the FMN riboswitch and MS185/MS186 for the Mn2+ riboswitch.
Integration vector and inserts were digested with BamHI and SpeI. After ligation plasmids
were transformed into electrocompetent E. coli XL10 gold.
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Methods for a novel lysine degradation pathway
in bacteria
Enzyme nomenclature
We suggest that the discovered glutarate hydroxylase belongs to subgroup EC 1.14.11
with the name glutarate-2-hydroxylase (G-2-H) and systematic name glutarate, 2oxoglutarate:oxygen oxidoreductase ((2S)-hydroxylating). We propose to rename the csiD
gene to glutarate hydroxylase (glaH). LhgO should be reclassified as L-2-hydroxyglutarate
dehydrogenase

belonging

to

EC

hydroxyglutarate:quinone-oxidoreductase)

1.1.99.2
instead

(systematic
of

1.1.3.15

name:

(S)-2-

((S)-2-hydroxy-acid

oxidase) and the gene should be renamed from lhgO to lhgD in analogy to the homologous
dehydrogenases. The gene encoding the HTH-type transcriptional repressor could be
renamed from csiR to glaR.

Bacterial strains and general culture conditions
Escherichia coli BW25113 and its single gene knockout derivatives ∆csiD, ∆gabT, ∆glcD
and ∆lhgO from the Keio collection129, that were used for analysis, were all obtained from
the National BioResearch Project (NIG, Japan) : E. coli. Genes encoding CsiD, CsiR, GabD,
GabT, LhgO, PuuE, Sad were amplified and restriction enzyme sites were introduced with
primers listed in Supplementary Table 4. Escherichia coli BW25113 was used as template.
PCR fragments were inserted into vector pET28a (Kmr) carrying a T7-promoter under
control of lacI using standard protocols. Thus, overexpression vectors were created for
CsiD, CsiR, GabD, GabT, PuuE and Sad ORFs carrying a 6x N-terminal His-tag and for LhgO
carrying a 6x C-terminal His-tag. To create a complemented lhgO+ strain, lhgO was
inserted into pET16b using restriction sites and primers listed in Table 4. Recombinant
cloning vectors were transformed into Escherichia coli BL21 (DE3) (Stratagene, USA, La
Jolla) via electroporation. Plasmid constructs were validated by sequencing using primers
SP04 and SP10. Bacterial strains were either grown in LB medium or M9 minimal medium
containing 8.5 g/l Na2HPO4‧2H2O, 3 g/l KH2PO4, 0.5 g/l NaCl, 1 g/l NH4Cl, 2 mM MgCl2, 100
µM CaCl2 supplemented with trace elements (0.1 mM EDTA, 0.03 mM FeCl3, 6.2 µM ZnCl2,
0.76 µM CuCl2, 0.42 µM CoCl2, 1.62 µM H3BO3; 0.08 µM MnCl2) and vitamins (0.1 mg/l
cyanocobalamin, 0.08 mg/l 4-aminobenzoic acid, 0.02 mg/l D-(+)-biotin, 0.2 mg/l niacin,
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0.1 mg/l Ca-D-(+)-pantothenic acid, 0.3 mg/l pyridoxamine-chloride, 0.2 mg/l thiamindichloride) at 37 °C. As carbon source in minimal medium 0.2 % (w/v) glucose was used.
When necessary, medium was supplemented with 30 µg/mL kanamycin.

Growth on different C- and N-sources
E. coli strains were grown in 96 deep well plates in minimal medium as triplicates
containing trace elements supplemented with 10 mM C- (lysine, cadaverine,5aminovalerate, glutarate) or N-Sources (lysine, cadaverine, 5-amniovalerate). Growth was
monitored by measuring OD600 in 96 well plates by Tecan plate reader. Growth (means of
triplicates) was rated as high growth (0.47>OD600>0.43 a.u.); intermediate growth
(0.35>OD600>0.25 a.u.), low growth (0.15>OD600>0.07 a.u.) or no growth (0.02 a.u >OD600).

Protein purification
Strains were grown in LB with suitable antibiotic to an OD600 of 0.5. Protein expression
was induced with 1 mM IPTG and cells were grown for 4-5 h. Cells were harvested by
centrifugation at 4000 rpm at 4 °C. Cells were lysed by sonication in lysis buffer (50 mM
NaH2PO4, 300 mM NaCl, 10 mM imidazole) with Branson sonifier for 3 min duty cycle at 20
% power with 0.5 on and 0.5 s off. Cell debris was removed by centrifugation at 10000
rpm at 4 °C and the cell lysate incubated with Ni-NTA beads (Qiagen) for 1 h at 4 °C at a
rotary shaker. Beads were washed twice with wash buffer (50 mM NaH2PO4, 300 mM NaCl,
20 mM Imidazole) and the protein finally eluted with elution buffer (50 mM NaH2PO4, 300
mM NaCl, 500 mM Imidazole). Purity was checked by SDS-gel. Protein was transferred to
the respective buffer system required for the experiment by size exclusion
chromatography (PDE-10 columns, GE healthcare).

NMR of the CsiD reaction
The reaction of α-ketoglutarate (10 mM) and glutarate (10 mM) catalysed by CsiD in 20
mM ammonium acetate buffer pH 7.25 was monitored by 1H NMR spectra without
purification. 1H NMR spectra were recorded at 300 K on Bruker Avance III 400 MHz
spectrometers (ayita 400 and isa 400) with a BBFO plus probe for N to F/H or F. Data for
NMR spectra were recorded as follows: chemical shift (δ, ppm), multiplicity (s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet), integration, coupling constant (Hz). Acquired
data was processed and analysed using MestReNova software.
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CsiD reactions analysed by Clark-type O2 electrode
Reactions were conducted in 100 mM MOPS, 70 mM NaCl and 20 mM KCl pH 7.2 in the
presence of 400 µM Ascorbat and 4 µM Fe(NH4)2SO4. KM for glutarate and α-ketoglutarate
was determined in the presence of 1 mM α-ketoglutarate and 5 mM glutarate, respectively.
5 mM substrate was used for the C2-C7 analogues of glutarate. 180 nM CsiD were used for
the reactions. Reactions were conducted at 30 °C in the sealed reaction chamber with
magnetic stirrer. v0 was determined and plotted against the concentration. The plot was
fitted with Michaelis-Menten equation with in GraphPad Prism5 (HYPNOS).

Stereospecificity of the CsiD reaction
Evaluation of the 2-hydroxyglutarate enantiomer was performed as described before108.
The CsiD reaction was performed as before (oxygen electrode) for 1 h at 30 °C. Reaction
was incubated for 10 min at 70 °C to heat-inactivate CsiD. Denatured protein was removed
by centrifugation (14,000 rpm). Supernatant of the CsiD reaction and L-2hydroxyglutarate and D-hydroxyglutarate as controls were derivatized with 50 g/l
diacetyl-L-tartaric anhydride in 4:1 (v/v) dichloromethane/acetic acid for 30 min at 75 °C.
Supernatant was evaporated to dryness and residue was dissolved in water. Derivatized
products were analysed by LC-MS and identified by comparison to standards.

Crystallization of CsiD-ligand complexes
Purified CsiD protein was concentrated to 13 mg/mL and its crystallization in liganded
form pursued by co-crystallization, crystal soaking or a combination of both approaches,
as follows:
Apo CsiD: crystals grew from reservoir solutions containing 80 mM sodium chloride, 12
mM potassium chloride, 20 mM magnesium chloride hexahydrate, 40 mM sodium
cacodylate trihydrate pH 6.0, 30 % [v/v] 2-methyl-2,4-pentanediol, 12 mM spermine
tetrahydrochloride;
CsiD-GA: crystals from apo CsiD (obtained as described in i) were soaked in 10 mM
glutarate prior to flash cooling;
i)

CsiD-SA: CsiD was co-crystallized with succinate by using a mother
liquor containing 1.0 M succinic acid pH 7.0, 0.1 M Bis-Tris propane pH
7.0;
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ii)

CsiD-NOG: CsiD protein was incubated with NOG at a CsiD:NOG molar
ratio of 1:5 for 1 hour on ice and the mixture used in crystallization
trials. Crystals grew from 1.0 M magnesium sulfate, 0.1 M Tris pH 8.5.
Prior to flash freezing, crystals were soaked in 20 mM NOG to improve
ligand occupancy;

In all cases, crystallization was performed in 96-well Intelliplates (Art Robbins) and used
the sitting drop, vapour diffusion format implemented with a Gryphon (Art Robbins)
nanolitre dispensing robot. Drops consisted of 200 nL protein or protein/ligand mixture
and 200 nL reservoir solution, with reservoirs containing 70 µL mother liquor. All
crystallization trials were incubated at 18oC. For X-ray data collection, crystals were
harvested into LithoLoops (Hampton Research) and cryo-protected in mother liquor
supplemented with 20% [v/v] glycerol.

X-ray data collection and structure elucidation
X-ray diffraction data were collected at beamline PXI (X06SA) of the Swiss Light Source
synchrotron (Villigen, Switzerland) equipped with an Eiger 16 M detector (Dectris,
Switzerland). Data were collected at a wavelength of 1.00 Å with 0.1o-0.2o oscillation per
frame. Data processing used the XDS/XSCALE package130. Phasing was performed by
molecular replacement in PHASER131. First, a CsiD protomer obtained from PDB entry
2R6S111 [http://dx.doi.org/10.2210/pdb2R6S/pdb] was used as search model for the
elucidation of the apo CsiD structure in this work. The resulting apo model was then used
for the phasing of liganded crystal forms of CsiD. Model refinement used phenix.refine132
and manual model building was performed in COOT133. Ligand restraints were generated
using ELBOW134. Non-crystallographic symmetry restraints and TLS group identification
were calculated automatically in phenix.refine132. X-ray data statistics and model
parameters are given in Supplementary Table 1. (Diffraction data and model coordinates
have been deposited with the Protein Data Bank. Accession codes are given in
Supplementary Table 1)

Kinetics of GabT/D, Sad/PuuE, and PatA/D
Assays were carried out in a buffer (pH=8.0) containing 5 mM α-ketoglutarate, 500 µM
NADP+ (GabT/D & Sad/PuuE) or NAD+ (PatA/D), 100 µM DTT, 100 mM
sodiumpyrophosphat and 0.01 mg/mL of both purified GabT/D, Sad/PuuE or PatA/D.
Reactions were conducted at room temperature and started by the addition of different
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concentrations of AVA or GABA (GabT/D & Sad/PuuE) respectively cadaverine or
putrescine (PatA/D). Increase of NADPH or NADH was monitored over time measuring the
absorbance at 340 nm, thus determining the kinetic of the coupled enzyme reaction. The
reduction of NADP+ to NADPH corresponds stoichiometrically to the conversion of GABA
(or AVA) to succinate semialdehyde (or glutarate semialdehyde) and then to succinate (or
glutarate) (GabT/D). In case of PatA/D, NAD+ reduction corresponds to the conversion of
putrescine (or cadaverine) to aminobutanal (or aminopentanal) followed by oxidation to
GABA (or AVA) catalysed by PatD. Decoupling the assay by first starting the transaminase
reaction followed by addition of the dehydrogenase did not alter overall velocities
concluding that the dehydrogenase reaction must be the rate limiting step in the reaction.
Starting velocities (v0) of the reaction were plotted against substrate concentrations and
non-linear regressions were calculated with GraphPad Prism 5 (HYPNOS).

Preparation of E. coli membrane fractions
Wildtype and knockout E. coli strains were inoculated in 200 mL LB medium and
incubated over night at 37 °C at 200 rpm on a rotary shaker. Overnight culture was
centrifuged and the pellet was washed twice with ice-cold membrane fraction buffer
containing 50 mM HEPES, 10 mM potassiumacetate, 10 M CaCl2, 5mM MgCl2 titrated with
NaOH to pH=7.5 and re-suspended in 10 mL buffer. All following steps were carried out on
ice or at 4 °C. Cell suspension was passed four times through a french press cell at 10,000
psi. To remove unlysed cells and insoluble cell debris the lysate was centrifuged at 20,000
x g for 20 minutes. Supernatant was centrifuged for 30 minutes at 100,000 x g. After
ultracentrifugation supernatant was stored as cytosolic fraction and the brownish
membrane pellet was washed with membrane fraction buffer (5 mL) and centrifuged
again. The membrane pellet was re-hsuspended in 500 µL membrane fraction buffer.
Protein concentration of cytosolic and membrane fraction was determined via BSABradford assay.

Activity of purified LhgO and membrane fractions
Prior to analysis a PD midiTrap G-25 column (GE Healthcare) was used to exchange buffer
of purified LhgO to retain the protein in reaction buffer containing 25 mM HEPES, 100 mM
NaCl , 5 mM EDTA (pH=7.5). LhgO activity was assayed spectrophotochemically in
reaction buffer . Direct reduction of 100 µM ubiquinone-1 (UQ1) (coenzyme Q1, Sigma
Aldrich Co.) by purified LhgO was measured by the decrease of absorbance at 278 nm. A
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final enzyme concentration of 650 nM was used and the reaction was monitored
dependent on L-2-hydroxyglutarate concentration. Differential absorption coefficient of
UQ1 at this wavelength in reaction buffer was determined as ∆ε = 8.36 mM. Enzyme
activities were determined as UQ1 reduced per minute. Specific activities were referred to
0.03 mg/mL LhgO used in the assay. To exclude possible effects of H2O2 produced by LhgO
on redox dyes 100 U/mL catalase (Catalase from bovine liver, Sigma Aldrich Co.) was
added. Initial velocities (v0) of the reaction were plotted against L2HG concentrations and
non-linear regressions were calculated with GraphPad Prism 5 (HYPNOS).
Redox activity of 0.1 mg/mL total protein of membrane- and cytosolic-fraction was
determined in membrane fraction buffer (50 mM HEPES, 10 mM potassiumacetate, 10 mM
CaCl2, 5 mM MgCl2, pH=7.5). Reduction of 100 µM DCPIP by purified LhgO (217 nM) or
membrane-bound enzyme was monitored in presence or absence of 50 µM ubiquinone
and menaquinone-4 (MQ4) (menaquinone K2, Sigma Aldrich Co.) by absorbance
measurement at 600 nm. Oxidized DCPIP has an absorbance maximum at 600 nm.
Activities of membrane-bound and purified LhgO were determined as DCPIP reduced per
minute (nmol/min). DCPIP reduction of E. coli WT membranes compared to wildtype
cytosolic fraction and membranes isolated from a ∆lhgO strain were conducted in the
presence of 50 µM UQ1. DCPIP reduction assays were carried out at room temperature and
started by the addition of 5 mM L-2-hydroxyglutarate.
Oxygen consumption by membranes and purified LhgO were measured in a Clark-type
electrode at room temperature. Activity of membrane-bound LhgO upon titration of the
respiratory chain inhibitor HQNO was determined by oxygen consumption and DCPIP
reduction.

Bacterial ubiquinone reduction
Membrane fractions of E. coli WT and ΔlhgO were prepared as described in the section
“Preparation of E. coli membrane fractions”. In brief, cells were lysed in a french press and
membranes were isolated by ultracentrifugation. Total protein concentration was
determined. 150 µg of the membrane fraction in 200 µL membrane fraction buffer (50 mM
HEPES, 10 mM potassiumacetate, 10 mM CaCl2, 5 mM MgCl2, pH=7.5) were incubated for 1
h at 25°C under nitrogen atmosphere in the presence or absence of 5 mM L2HG or SA.
Quinones were extracted with 1 mL of a 1:3:1 mixture of methanol:hexane:acetone.
Samples were dried under a constant flow of nitrogen and analysed by HPLC coupled to a
PDA detector (Shimadzu) on a Eurospher RP C18 column (125 x 3 mm; Knauer). Mobile
phases contained 100% methanol (A) and 10% heptane in methanol (B). Isocratic elution
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with 100% A was performed for 10 min followed by a linear gradient from 0% to 50% B in
2 min and 50% to 100% B in 12 min. Spectra were recorded from 200 nm to 400 nm. Area
under the curve were determined for ubiquinol (RT: 9 min; 290 ± 4nm) and ubiquinone
(RT 16 min; 275 nm ± 4nm). Statistical significance of the data was assessed by an
unpaired one-tailed Student’s t-test in GraphPad Prism5 (HYPNOS). The nature of the
quinone species and reduction state was confirmed by the corresponding retention times
and absorption spectra135-137. Furthermore, ubiquinone from the membrane fractions
could be assigned to the mass of ubiquinone-8 by mass spectrometry.

Growth experiments with isotopically labelled lysine
For growth and metabolite analysis of Escherichia coli BW25113 WT and ∆csiD cells were
inoculated in 100 mL M9 minimal medium supplemented with glucose in the presence of
10 mM lysine in 500 mL baffled flasks. Cultures were grown in duplicates at 37 °C on a
rotary shaker at 200 rpm. Cell growth over time was determined spectrophotochemically
by measuring optical density at 600 nm in a 1 mL cuvette at indicated intervals. For
monitoring intracellular metabolite concentrations during E. coli culture growth samples
with a volume equivalent to OD600 = 0.1/mL were taken at indicated time points.
For

13C

labeling experiments WT and ∆csiD cells were inoculated in triplicates

supplemented with 10 mM L-lysine-13C6,

15N2

hydrochloride (Sigma Aldrich Co.) in 5 mL

M9 minimal medium containing 0.2 % (w/v) glucose in 50 mL falcons and incubated at
37°C for 24 hours at 200 rpm. After 24 hours a volume equivalent to OD600 = 0.2/mL was
harvested and centrifuged at -9 °C. To rapidly quench metabolic activities the harvested
cells were methanol-extracted by resuspending the cell pellet in 2 mL 80 % (v/v)
methanol cooled down close to freezing with liquid nitrogen. The suspension was frozen
in liquid nitrogen for 1 minute, thawed on ice, centrifuged for 10 minutes at 10,000 x g and
the supernatant was stored as metabolite extract. This step was repeated three times. The
supernatant fractions were pooled and lyophilized to dryness. Lyophilized metabolite
extract was dissolved in 500 µL deionized water and analyzed by LC-MS.

Analysis of lysine degradation metabolites by LC–MS
Identification of metabolites were performed with UltiMate 3000 HPLC system and LTQ
Orbitrap Velos (Thermo Scientific). Nucleodur C18 ISIS column (250 mm length x 2 mm
i.d., 2.7 µm particle size, Macherey-Nagel, Germany, Düren) was used. The injection
volume was 10 µL and the flow rate was 0.25 mL min-1. The mobile phases contained
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10 mM ammonium formate (pH 3.2) (A) and 0.1% formic acid in acetonitrile (B). The
linear gradient comprised 0 to 30% B for 10 min and 90% B for 2 min. The MS scan ranged
from an m/z 100-400 with a resolution of 100,000 at m/z 400 was achieved in positive
and negative ionization modes. Accurate mass (±3 ppm) and retention time (±0.2 min)
values were used for molecular assignment. For the analysis of hydroxyglutarate
derivatized with DATAN Prominence HPLC system with LCMS-2020 single quadrupole MS
(Shimadzu) was applied. HPLC conditions was as previously described. MS Detection was
performed in single ion monitoring (SIM) negative ionization mode at m/z 363. The same
instrumentation was used for the quantification of metabolites in cell extracts. Prior to
analysis 16 µL of aqueous metabolite extract was mixed with 8 µL phase B (90%
acetonitrile, 0.2% formic acid, 10 mM ammonium formate), 5 µL of this solution was
injected. Metabolites were separated using Nucleodur HILIC column (250 mm length x
2 mm i.d., 3 µm particle size, Macherey-Nagel), which was equilibrated with buffer B and
eluted with a linear gradient of 45% buffer A (10 mM ammonium formate, pH 3.0) over a
10-min period followed by isocratic step of 45% buffer B for 8 min. Column was operated
at (35.0±0.1)° C with a flow rate of 0.15 mL/min. SIM detection of corresponding
protonated ions in positive ionization mode was used for lysine, cadaverine and 5aminovalerate. Glutarate, succinate and α-ketoglutarate ions were detected in negative
SIM mode.
To identify and quantify compounds in cell extracts standard solutions of pure substances
were measured under the same conditions. Calibration curves for cadaverine, glutarate
and succinate were obtained for the measuring range and used for quantification of these
substances. Intracellular metabolite concentrations were calculated according to following
equation:
DWcell
tot ×Vcell

Cavg =Cex ×Vex × DW

(1)

with Cex being the metabolite concentration of the extraction solution determined via
external calibration. Vex is the volume of the extraction solution (0.5 mL). DWtot is the
experimentally determined total dry weight of the metabolite sample. DWcell is the dry
weight per cell (3 x 10-13 g) and Vcell is the volume per cell (6.7 x 10-16 l)138.

Filter binding of CsiR/dsDNA interaction
Primer MS161 was 5’-labelled with γ-P32-ATP (Hartmann Analytics) by T4 PNK (NEB).
PCR was conducted with labelled MS161 and MS162 on genomic DNA from E. coli K-12
MG1655. PCR product was purified by agarose gel extraction. DNA (500 cps) was
incubated for 15 min in the presence of purified CsiR and 1 mM compound (as assigned) in
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binding buffer (50 mM Tris-HCl, 100 mM KCl, 50 mM NaCl, 5 mM MgCl2 pH=7.6). Reaction
was dot-blotted on nitrocellulose membrane (0.2 µM, Roth) followed by a nylon
membrane (0.45 µM, Roth). Binding was determined by the ratio of bound DNA (Intensity
on NC membrane) to entire DNA (Sum of Intensity on NC membrane and nylon
membrane). Radiograph was recorded with Thypoon FLA 7000 (GE Healthcare).

Hydroxyl radical footprint
Primer MS170 was 5’-labelled with γ-P32-ATP (Hartmann Analytics) by T4 PNK (NEB).
PCR was conducted with labelled MS170 and MS171 on genomic DNA from E. coli K-12
MG1655. Binding of CsiR was allowed for 15 min at 25°C in 50 mM MOPS, 100 mM NaCl,
20 mM KCl, 2.5 mM MgCl2 0.1 mM DTT pH=7.2. Footprint reaction was performed as
described before139. Additionally, a G specific Maxam-Gilbert sequencing reaction was
performed as a control to assign the nucleotides. DNA fragments were separated on a 10%
denaturing PAGE. Radiograph was recorded with Thypoon FLA 7000 (GE Healthcare). The
radiograph was analysed with SAFA Quant103.

SPR of CsiR/DNA interaction
Part of the csiD 5’-UTR containing the promoter region was amplified by PCR with primers
MS178 and biotin-tagged MS177. The DNA was immobilized in TES buffer (10 mM Tris,
500 mM NaCl, 1 mM EDTA pH=7.6) to reach 300 RU. Purified CsiR was diluted in running
buffer (50 mM MOPS, 100 mM NaCl, 20 mM KCl, 2.5 mM MgCl2, 0.1 mM DTT, 5 µg/mL
sheared Salmon sperm DNA, 0.1 mg/mL BSA and 0.005% Tween20 pH=7.2). Binding for
indicated CsiR concentration was examined at a flow rate of 30 µL/min. The surface was
regenerated with a short pulse of 0.05% SDS. SPR was performed on a Biacore T200. The
resulting sensograms were analyzed using the Biacore Evaluation Software. Binding of
0.9 µM CsiR was fitted kinetically assuming a 1:1 interaction.
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Appendices
Supplementary Information
Developing screening strategies for the discovery of novel riboswitches

Figure S 1 Secondary structures of the GEMM-I riboswitch variants, that were examined in this study.
Positions G20 and C92 used to select riboswitch variants are marked in the structure. (A) Ece-1-1, (B) Env-13,
(C) Awo1-3, (D) Nca-1-1, (E) Gs1945b, (F) Gm0292, (G) Bce-8-1, (H) Car-1-1, (I) Cbo-1-1, (J) Toc-1-1, (K)
Rso-1-1 and (L) Cbu-1-1.

75

Figure S 2 Structures of all ten 3‘-5‘ linked c-di-nucleotides.
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Figure S 3 CDN binding of GEMM riboswitches assessed utilizing spinach aptamer fusion constructs. a
Schematic representation for CDN sensing GEMM riboswitch (red) that induces the spinach aptamer (black) to
bind DFHBI and generate fluorescence. b GEMM-I riboswitch variants (Ece-1-1, Gs1945b, and Gm0292) were
fused to spinach aptamers, and fluorescence was measured after incubation of the RNAs with 100 μM CDN
(“c-di-AMP” denoted as “AA”, c-AMP-CMP denoted as “AC”, and so on) and 10 μM fluorescent spinach ligand
DFHBI. Errors represent standard deviation of three independent experiments.
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Figure S 4 In-line probing in the presence of the ten different CDNs. Arrows mark bands of most altered
cleavage upon binding of the respective CDN. a For riboswitch Gm0292 binding could be observed for c-AMPGMP, c-CMP-GMP, c-di-GMP and c-GMP-UMP. These are the four CDNs containing GMP. b For riboswitch Ece 11 binding could be observed for c-AMP-GMP and c-di-GMP. c For GEMM-II riboswitch of the GAG subgroup
from Deinococcus peraridilitoris binding could be observed for c-AMP-GMP, c-di-GMP and c-GMP-UMP and to
lesser extent to c-CMP-GMP. Each CDN is at 10 μM.
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Figure S 5 Initial strategy and first experiments of the coupled transcription/translation assay
a Schematic of the initial strategy of the assay. b Radiograph of the labelled RNA separated on a denaturing
PAGE after transcription/translation reaction. No transcription products were observed. c Radiograph of the
labelled RNA separated on a denaturing PAGE after transcription/translation reaction in the presence of
RNase Inhibitor (upper). Radiograph of the proteins of the same reaction separated on a SDS-PAGE. Exemplary
for all SDS-PAGEs the Gd RSw II is shown (lower). No translation products were observed. Constructs tested
were witout regulatory element (Ctrl.), thiamin pyrophosphate riboswitch (TPP RSw) and guanidine
riboswitch II (Gd RSw II). Compounds were used at the annotated concentration: Proflavine (PF), thiamine
pyrophosphate (TPP) and guanidinium chloride (GdCl).
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Figure S 6 Analysis of fraction 14 by HPLC-MS. Mass spectra at t = 4.1 the retention time (RT) of FMN. FMN
could be detected in positive (a) and negative (b) mode at an m/z ratio of 457.1 and 455, respectively. The
isotope distribution fits to singly charged species. RT and m/z ratio were the same as for FMN tested under the
same conditions. Chromatography was performed on a C18 reverse phase column.
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Figure S 7 Filter binding assay of Ast against RNA motifs of the TCA. Radiograph of the nitrocellulose
membrane (NC) and nylon membrane retaining radiolabeled RNA if bound or unbound to protein,
respectively. Ast (PP_4476) was assayed in decreasing concentrations starting from 35 µM. Binding of Ast to
RNA motifs icd, sucA-II and sucC associated with TCA cycle genes was examined.
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A novel lysine degradation pathway in bacteria

Figure S 8 Hydroxyl radical footprinting of CsiR binding to the CsiD promoter region. a Radiograph of
the CsiR hydroxyl footprint. A G-specific Maxam-Gilbert (MG) reaction was performed to assign the resulting
bands. For the non-reaction controls (-Rct.) no cleavage is observable. Cleavage of the DNA by hydroxyl
radicals was conducted in the absence (Ctrl.) and presence of decreasing concentrations of CsiR. Regions of
reduced cleavage can be observed in the presence of CsiR. b Analysis of the hydroxyl radical footprint with
SAFA103. Each pixel represents a band of the radiograph and is aligned to the DNA sequence ranging from G22
to G86. Intensity was normalized to the control reaction (Ctrl.). Areas of protection show up in blue (less
cleavage), whereas increased cleavage is depicted in red.
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Figure S 9 SPR studies of CsiR SPR analysis of the interaction of CsiR with the CsiD promoter region. a
Analysis of the binding kinetics of 0.9 µM CsiR to the CsiD operon. Two independent experiments (black) were
fitted (grey) assuming a 1:1 interaction. b Interaction of CsiR to the CsiD promoter region is reduced in the
presence of 1 mM glutarate (grey) compared to the control (black).

Figure S 10 1H NMR spectra of αKG and glutarate in ammonium acetate buffer. 1H NMR (400 MHz, D2O, αketoglutaric acid : glutaric acid = 1:1) 2.92 (t, J = 6.8 Hz, 2H, 1-H), 2.48 (t, J = 6.9 Hz, 2H, 2-H), 2.22 (t, J = 7.6 Hz,
4H, 3-H), 1.76 (p, J = 7.6 Hz, 2H, 4-H). Peak at 1.91 ppm arises from acetate
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Figure S 11 1H NMR spectra of the products of the CsiD reaction in ammonium acetate buffer. 1H NMR
(400 MHz, D2O, succinic acid : L-2-hydroxyglutarate = 1:1) δ 3.95 (dd, J = 7.6, 4.1 Hz, 1H, 6-H), 2.33 (s, 4H, 5-H),
2.19 (td, J = 9.6, 5.9 Hz, 1H, 7-H), 2.11 (t, J = 7.7 Hz, 1H, 7-H), 1.97 – 1.87 (m, 1H, 8-H), 1.80 – 1.70 (m, 1H, 8-H).
Peak at 1.89 ppm arises from acetate. Peaks between 7-9 ppm arise from the enzyme.
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Figure S 12 Stereospecificity, phylogenetic distribution and inhibitors of CsiD. a L-2-hydroxyglutarate
produced by CsiD and in a mixture with D-2-hydroxyglutarate was derivatized with DATAN108 and analyzed by
LC-MS. Chromatograms of the derivatized reaction product (red) and the mixture (blue) were recorded in
negative SIM at a m/z ratio of 363. The reaction product elutes as a single peak clearly separated from the
second peak that represents derivatized D-2-hydroxyglutarate. b A neighbourhood joining phylogeny of CsiD
based on E. coli K-12 CsiD was built retaining sequences with more than 70% coverage and 25% identity.
Homologs of E. coli CsiD were searched in the refseq database (last access May 2018)140 using pBLAST.
Bacterial classes are as indicated: α- (purple), β- (orange), γ- (blue), and ε- (yellow) proteobacteria and bacilli
(green). c Reaction rate was determined in a Clark-type oxygen electrode monitoring the oxygen consumption.
The rate was determined in the presence of the αKG-dependent dioxygenase inhibitor N-oxalylglycin (NOG),
L2HG, D2HG. In the control reaction (Ctrl.) no inhibitor was present. The reported Ki of L2HG for α-KG
dependent dioxygenases is 628 +/- 0.036 µM, in contrast the estimated Ki of L2HG for CsiD is > 10 mM. The
estimated Ki for NOG and D2HG match the reported Ki for αKG-dependent dioxygenases109.

Figure S 13 Ligand complexation by CsiD. Detailed view of CsiD in complex with its ligands. Upper panel
shows interactions (dashed lines), lower panels display (2Fo-Fc) αc electron density maps contoured at 1σ
(grey) and 7σ (purple).
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Figure S 14 Ubiquinone-1 (UQ1) reduction by purified LhgO as a function of L2HG concentration.
Purified LhgO reaction rate (R) was measured at different L2HG concentrations and is given as nmol UQ1
reduced per time. Specific activity of LhgO was determined as 0.33 +/- 0.002 µmol*min-1*mg-1. LhgO showed a
KM of 162 µM for L2HG and a Vmax of 5.1 nmol/min.

Figure S 15 LC/MS chromatogram of GabT/D enzyme reaction products. 1) Glutarate semialdehyde (m/z
= 115.0; RT = 4.3 min; yellow). 2) Glutaric acid (m/z = 131.0; RT = 4.9 min; magenta. 3) Glutamic acid (m/z =
148.1; RT = 13.7 min; brown).
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Figure S 16 LC/MS chromatograms of PatA/D enzyme reaction products. 1) Piperideine dimer
(Tetrahydroanabasine) (m/z=167.2; RT=10.5 min; red). 2) 5-aminopentanal (m/z=102.1; RT=11.6 min; black.
3) glutamic acid (m/z=148.1; RT=13.7 min; brown); 4) 1-Piperideine (m/z=84.1; RT=15.3 min; blue); 5) 5Aminovaleric acid (m/z=118.1; RT=12.5 min; green). a PatA single reaction. PatA transfers the amino group of
cadaverine to αKG, producing 5-aminopentanal (2) and glutamic acid (3). b In a coupled PatA/D reaction 5aminopentanal (2) is oxidized to 5-aminovaleric acid (5) by PatD. Aminopentanal cyclized spontaneously to 1piperideine (4) during MS analysis (likely during ionization), which spontaneously dimerises to yield
tetrahydroanabasine. For this reason, 5-aminopentanal is detected at RT=11.6 min together with 1piperideine. At RT=15.3 min the 1-piperideine monomer is detected together with its dimer. c Reactions
catalyzed by PatA/D and spontaneous reactions of 5-aminopentanal.
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Figure S 17 Growth analysis of E. coli knockout strains. E. coli strains were grown in minimal medium
containing 10 mM of the respective nitrogen (N-) or carbon (C-) source. Growth was assessed by measuring
OD600 and distinguished between good growth (dark green, +++), intermediate growth (light green, ++), low
growth (orange, +) and no growth (red, -), see Methods for OD thresholds. Evaluated were the mean of
independent triplicates.
E. coli is not able to grow on minimal medium containing the intermediates of the proposed pathway (lysine,
Cad, AVA, GA) as carbon sources. E. coli wildtype, ΔpatD, ΔlhgO and ΔcsiR are able to grow to an intermediate
level with AVA as a nitrogen source. If the importer GabP is knocked-out, growth on AVA is impaired as for the
aminotransferases PatA and GabT. Additionally, E. coli shows a growth defect on AVA for ΔgabP and ΔcsiD.
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Figure S 18 Coupled transamination and dehydrogenation by PuuE/Sad. Coupled enzyme kinetics of AVA
(triangles) by the putrescine transaminase PuuE and the succinate semialdehyde dehydrogenase Sad in
comparison to the known substrate GABA (circles). Data is shown as mean of triplicate measurements with
error bars representing standard deviations. Experimental procedure was conducted as described in materials
and methods.
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Figure S 19 Growth curve of E. coli BW25113 compared to the ΔcsiD strain in LB medium. Growth was
assessed by recording the optical density at 600 nm. ΔcsiD (grey) exhibits a growth defect around OD600 ≈ 2
compared to the wildtype strain. The shown curve is a representative of 5 individual experiments.
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CsiD NOG

CsiD SA

6GPE

6HL8

6GPN

6HL9

42.85 - 2.20
(2.25 - 2.20)
P 4 21 2

42.56 - 2.40
(2.45 - 2.40)
P 4 21 2

42.91 - 2.20
(2.24 - 2.20)
P 4 21 2

46.11 - 2.30
(2.35 - 2.30)
P 4 21 2

a=b, c (Å)

121.20, 136.91

120.80, 136.42

121.38, 136.57

123.03, 138.33

Unique reflections

47756 (3139)

40085 (2354)

52380 (2710)

47789 (2341)

Redundancy

15.6 (15.6)

7.26 (7.53)

22.98 (21.72)

26.7 (26.9)

Completeness (%)

91.5 (94.4)

99.9 (100.0)

99.99 (100.0)

98.3 (79.2)

<I/σ(I)>

15.18 (3.02)

9.00 (1.14)

15.40 (1.02)

22.43 (3.22)

Rsym(I)

0.135 (0.964)

0.161 (1.541)

0.182 (3.355)

0.145 (1.211)

CC 1/2

0.998 (0.781)

0.998 (0.516)

0.999 (0.555)

0.999 (0.889)

Nr Reflections work/free sets

47756 / 1436

40022 / 2042

52325 / 1532

47789 / 1916

Rwork / Rfree
A.u. Components
Nr Protein atoms
Ligands/ions

0.173 / 0.198

0.175 / 0.220

0.186 / 0.211

0.1859/0.2103

4806
2x Fe2+

4806
2x Fe2+ / 2x GA

4712
2x Fe2+ / 1x NOG

4877
2x Fe2+ / 2x SA

519

287

272

527

0.003 / 0.736

0.008 / 0.923

0.008 / 0.940

0.011 / 1.233

98.5 / 0

98.3 / 0

98.5 / 0

98.3 / 0

PDB accession code
X-ray Data statistics
Resolution (Å)
Space group
Cell dimensions

Model parameters

Water
RMSD bonds (Å) / angles (o)
Ramachandran values
Favoured / Disallowed

Table S 1 X-ray data statistics and model refinement parameters

CsiD GA
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CsiD APO

Table S 2 Ions used for identification and quantification of compounds by LC-MS

Retention
time

Ions

m/z

Glutaric semialdehyde

4.3

[M-H]-

115.0401

Glutaric acid

4.9

[M-H]-

131.0350

Succinic acid

5.4

[M-H]-

117.0193

L-2-Hydroxyglutaric
acid
Piperideine dimer1

10.0

[M-H]-

147.0299

10.5

[M+H]+

167.1543

5-Aminopentanal1

11.6

[M+H]+; [M-H2O+H]+

102.0913; 84.0808

α-Ketoglutarate

12.0

[M-H]-

145.0425

5-Aminovalerate

12.5

[M+H]+

118.0862

Glutamic acid

13.7

[M+H]+

148.0604

Piperideine monomer1

15.3

[M+H]+; [2M+H]+

84.0808; 167.1543

Cadaverine

16.1

[M+H]+

103.1230

Compound

High resolution ESI-MS (direct injection) and LC-MS measurements on an Orbitrap MS were used
for compound identification. Quantification was performed in SIM mode on a quadrupole LC-MS
(see Materials and Methods for details).
1: Signal intensities of ions at m/z 84.1 (RT=11.6 and 15.3 min), 102.1 (RT=11.6 min) and 167.2
(RT=10.5 min) corresponding to piperideine monomer, aminopentanal and piperideine dimer,
respectively, were summed up for 5-aminopentanal quantification.
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2.7±0.6
3.8±0.6
93.6±1.0
782±48
∆gabT

-

100
498±31
∆csiD

-

1.8±0.5
3.4±0.9
95.4±1.5
Succinic acid WT

598±101

-

4.6±0.3 85.9±1.6
9.5±1.5
357±36
∆gabT

-

4.7±0.1 92,5±0.2
2.7±0.2
4994±372
∆csiD

-

4,6±0.3 86.3±1.4
9.1±1.5
Glutaric acid WT

180±16

-

4.8±0.4 95.2±0.4
n.d.
637±68
∆gabT

-

n.d.
n.d.
∆csiD

-

n.d.
n.d.
Aminovalerat
WT
e2

4.6±0.7 95.4±0.7
535±76
∆gabT

-

5.2±0.9 94.8±0.9
708±90
Aminopentan
∆csiD
al1

-

4.9±0.6 95.1±0.6
753±112
Piperideine / WT

4,8±0.2 90.3±0.4
4.9±0.4
768±53
∆gabT

-

4.7±0.1 93.4±0.4
1.9±0.4
1233±54
∆csiD

-

4.8±0.1 93.2±0.5
2.0±0.6
1829±56
Cadaverine

WT

X=8
X=7
X=6
X=5
X=4
X=3
X=2
X=1
X=0
µM

Compound

Concentration Intermediate distribution (%) for labeling atoms incorporated (mass shift [M+X]
3
listed)

Table S 3 Labelling pattern and total quantification of metabolites measured via HPLC/MS of E. coli WT,
∆csiD and ∆gabT

(-): not detectable. Grey squares marked the mass shifts expected due to the described pathway. Mass shifts of
[M+X-1] found at an abundancy of ~ 5% can be attributed to isotopic impurity of labeled lysine used
(composed of 95% [M+8] and 5% [M+7]), in accordance with the manufacturer´s reported purity of the
isotope-labelled lysine. Succinic acid semialdehyde was not detectable.
1Due

to the spontaneous conversion of 5-Aminopentanal to Piperideine, monomer and dimer under cell

cultivation141, sample preparation, and measurement conditions, we used summarized concentrations of these
compounds.
2Aminovalerate

(RT=12.33 min) cannot be completely separated from valine (RT=12.52 min). Due to the same

sum formula and its low abundancy the concentration, the amount of non-labeled aminovalerate and hence
the total amount of aminovalerate could not be determined (n.d.).
3

Mean ± s.d.; n ≥ 3
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Abbreviations

(d)AT(M/D)P

(deoxy)adenosine tri-(mono-/di-)phosphate

AdoCbl

Adenosylcobalamin

APA

5-Aminopentanal

AqCbl

Aquocobalamin

AVA

5-Aminovaleric acid

CDN

cyclic di-nucleotide

CT(M/D)P

(deoxy)cytidine tri-(mono-/di-)phosphate

DNA

deoxyribonucleic acid

E. coli

Escherichia coli

eGFP

enhanced green fluorescence protein

FAD

Flavin adenine dinucleotide

FMN

Flavin mononucleotide

GABA

γ-Aminobutyric acid

Gd

Guanidine

GlcN6P

glucosamine-6-phosphate

GMP

guanosine monophosphate

goi

gene of interest

GT(M/D)P

(deoxy)guanosine tri-(mono-/di-)phosphate

Moco

Molybdenum cofactor

mRNA

messenger RNA

ORF

open reading frame

P. putida

Pseudomonas putida

PEG

Polyethylene glycol

ppGpp

Guanosine tetraphosphate

PreQ1

Pre-queuosine1

PRPP

Phosphoribosyl pyrophosphate

RBS

ribosome binding site

RNA

ribonucleic acid

rRNA

ribosomal RNA

S

(e.g. 30S) Svedberg, non-metric unit for sedimentation rate

s.d.

Standard deviation

SAH

S-adenosyl homocysteine

SAM

S-adenosyl methionine

SD

Shine-Dalgarno sequence
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TCA

Tricarboxylic acid cycle

THF

Tetrahydrofolate

TPP

Thiamine pyrophosphate

TSS

Transcription Start Site

tRNA

transfer RNA

Tuco

Tungsten cofactor

UT(M/D)P

(deoxy)uridine tri-(mono-/di-)phosphate

UTR

untranslated region

ZTP

5-aminoimidazole-4-carboxamide riboside 5′-triphosphate
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